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Abstract 
 

Over-nutrition is one of today’s most visible public health problems. Currently over 40% of the 
Swedish population is either overweight or obese. Acute pancreatitis (AP) is an acute inflammatory 
process of the pancreas with variable involvement of regional tissues and/or remote organ systems. 
The morbidity and mortality associated with acute pancreatitis is largely determined by the 
involvement of distant organs such as the liver and lung and by the development of organ failure. 
The systemic manifestation of pancreatic disease is mediated by pro- and anti-inflammatory 
cytokines. Several studies have shown that obesity is a negative prognostic factor in acute 
pancreatitis. The mechanisms underlying the involvement of obesity have not been fully elucidated 

The aim of this thesis was to investigate the involvement of obesity in acute experimental 
pancreatitis (AEP). The five studies examined AEP in obese rats or mice. AEP was induced by 
taurocholate in rats and by cerulein in mice. Lean AEP animals and lean or obese untreated animals 
were used as controls. In the different studies, the animals’ obesity varied in etiology 
(genetic/dietary), severity, and duration. We studied the role of a mitochondrial protein, uncoupling 
protein 2 (UCP2), in AEP. Further, we investigated the gene expression of inflammatory cytokines, 
in the pancreas, liver, and lungs using real-time polymerase chain reactions. In addition, the 
integrity and function of these organs were assessed by histological and biochemical analyses. 
Finally, the gene expression data were related to the histological and biochemical parameters. UCP2 
gene expression was analyzed likewise.  

The mortality rate in severe AEP was higher in animals with genetic obesity than in lean animals or 
those with diet-induced obesity. However, this difference was not seen when the severity of AEP 
was reduced. Furthermore, the pathological morphology of AEP seen in obese animals was not 
significantly different from that seen in lean AEP controls. The amount of fat did not influence the 
severity of AEP, but there was a trend toward decreased survival rate after long-term obesity. UCP2 
was increased in the pancreas, and this increase was correlated with the severity of AEP. Pro-
inflammatory cytokine expression increased and anti-inflammatory cytokine expression decreased 
in AEP animals with genetic obesity. These animals also showed hepatic dysfunction and injury. 
Obese AEP mice displayed an augmented pulmonary inflammatory response. 

In conclusion, genetically-induced obesity, but not diet-induced obesity, in rodents is associated 
with an increased mortality rate in AEP. However, the negative impact of obesity is dependent on 
the severity of the primary insult. The duration rather than the degree of diet-induced obesity 
influences the outcome of AEP, suggesting that physiological changes associated with obesity 
underlie the negative impact of obesity on AEP. The degree of systemic response, rather than the 
local pancreatic injury, determines the impact of obesity in AEP. Genetic obesity is associated with 
an altered inflammatory response in AEP, suggesting an immune cell dysfunction. Obese animals 
also show increased hepatic dysfunction and injury, as well as augmented pancreatitis-associated 
lung injury in AEP. UCP2 may be an important modifier of the local severity of AEP.    

 
 
Keywords: Acute pancreatitis, animal, cytokines, dietary fats, fatty liver, endotoxin, 
hypertriglyceridemia, interleukines, lipopolysaccharides, liver diseases, mice, mortality, obesity, 
oxidative stress, pancreas, survival, tumor necrosis factor, rats, UCP2, uncoupling proteins. 
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Abbreviations 
 

AP acute pancreatitis  
AEP acute experimental pancreatitis 
ADP  adenosine diphosphate 
ALT adenine amino transferase 
ASP  acylation-stimulating protein 
ATP  adenosine triphosphate 
BMI  body mass index (kg/m2) 
Ca2+ calcium 2+ 
CRP  C-reactive protein 
DNA diribose nucleic acid 
ERCP endoscopic retrograde cholangiopancreaticography 
E-selectin endothelial selectin 
FFA  free fatty acids lipoprotein lipase 
HMGB-1 high-mobility box group-1 
HSL hormone sensitive lipase 
HTAB  hexadecyl trimethylammonium bromide 
ICAM  intercellular adhesion molecule  
IL-1β  interleukin-1 beta 
IL-1Ra  interleukin-1 Receptor antagonist 
IL-4 interleukin-4 
IL-6 interleukin-6 
IL- 8 interleukin-8 
IL-10 interleukin-10 
IFN-γ  interferon-gamma 
L-selectin leukocyte-selectin 
LPL lipoprotein lipase 
LPS  lipopolysaccharides, endotoxin 
MIF macrophage inhibitory factor  
MODS  multi-organ dysfunction syndrome 
MPO myeloperoxidase 
NO nitric oxide 
OB-r  leptin OB receptor 
OF organ failure 
PAF  platelet activating factor 
PAP pancreatitis associated protein 
PCR polymerase chain reaction 
PECAM platelet endothelial cell adhesion molecule 
RNA  messenger ribose nucleic acid  
PMNL polymorphonuclear leukocyte 
ROS  reactive oxygen species 
SAP  severe acute pancreatitis 
SIRS systemic inflammatory response syndrome 
TMB 3, 3’, 5, 5’-tetramethylbenzidine 
TNF tumor necrosis factor � 
TG  triglycerides  
UCP2  uncoupling protein 2 
VLDL very low density lipoprotein  
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Introduction 
1 Obesity  
 
1.1 Definition and Prevalence 

 

Obesity is one of today’s most visible public health problems. An escalating global epidemic of 

overweight and obesity – “globesity” – is taking place over much world. Currently, about 1 billion 

people are overweight and at least 300 million of them are obese (1). Even though sedentary 

lifestyles and environmental factors are the major causes for this pandemic, several genes have been 

identified that are important for the development of the severe early-onset forms of obesity that 

have strong effects on morbidity and mortality (2). The prevalence of overweight and obesity is 

commonly assessed by using body mass index (BMI), defined as the weight in kilograms divided 

by the square of the height in meters (kg/m2). A BMI > 25 kg/m2 is defined as overweight and a 

BMI > 30 kg/m2 is considered as obese (3). However, it is increasingly clear that different ethnic 

groups, particularly those of Asian origin, have different percentages of body fat at similar BMIs. 

Therefore, it has been suggested to adopt separate BMI cut-off values of obesity for Asians e.g. 

BMI 23 for overweight and 25-27 for obesity (4, 5).  

In Sweden, the prevalence of obesity has increased over the last two decades as shown in Fig. 

1. Currently about half of Swedish men are either overweight or obese and so are 38% of women, 

making the total prevalence of obesity in Sweden 43%.  

Figure 1. Prevalence of overweight and obesity in Swedish men and women 1980 – 2002. 
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Obesity as defined with BMI correlates well with fat mass but does not provide information about 

the distribution of fat. This is of importance since it is the visceral (also referred to as “central” or 

“abdominal”) obesity that is known to be associated with several metabolic disarrangements, such 

as insulin resistance, hyperinsulinemia, glucose intolerance, and dyslipidemia. When hypertension 

is added to these disorders, the so-called metabolic syndrome results. This syndrome is related to an 

increased risk for coronary heart disease, and type-2 diabetes (6, 7).  

 

1.2 Glucose and fat homeostasis  

 

Many tissues in the body require a constant, undisturbed supply of glucose. The body, 

therefore, keeps the blood glucose concentration within a narrow range despite wide fluctuations in 

the demand (e.g. exercise) and supply (e.g. carbohydrate-rich meals) of glucose. This is the result of 

a coordinated regulation of glucose designed to ensure that the amount of glucose entering the 

blood is the same as that leaving the circulation. The three main mechanisms responsible for steady 

blood glucose levels are glucose utilization in peripheral tissue, hepatic glucose production, and 

hormonal secretion from the pancreas. The main regulatory hormones, insulin and glucagon, are 

synthesized in the � and �-cells of the pancreatic islets, respectively. The secretion of the two 

hormones is influenced by the concentration of glucose in the blood, and the hormones act 

antagonistically with respect to glucose levels. Insulin is released from the �-cells in response to 

increased glucose levels and is the only hormone that lowers blood glucose. In the postprandial 

state, insulin stimulates peripheral tissue glucose utilization--predominantly in skeletal muscle and 

to lesser extent in adipose tissue but not in the brain. In the liver, insulin increases glycogen 

synthesis and inhibits gluconeogenesis (8-10). Glucagon is a major hyperglycemic hormone. 

Secretion of glucagon from �-cells is stimulated by low blood glucose but also by a variety of 

hormones, such as adrenaline and cortisol and by sympathetic and vagal stimulation. Insulin, 

somatostatin, and fatty acids reduce glucagon secretion. The main biological effect of glucagon is to 

enhance synthesis and mobilization of glucose in the liver.  In the post-digestive state, glucagon is 

involved release of glucose from the liver via stimulation of glycogenolysis and gluconeogenesis (8, 

11, 12). 

As shown in the Fig. 2, energy is primarily stored in fat cells in the form of triglycerides 

(TGs). Chylomicron TGs are produced by enterocytes after food ingestion and hydrolyzed by 

lipoprotein lipase (LPL) in adipose tissues into free fatty acids (FFAs) and glycerol. LPL activity is 

promoted by insulin. FFAs are transported into adipocytes where, with help from acylation-

stimulating protein (ASP), they are stored as TG. When energy is required, intracellular hormone-
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sensitive lipase (HSL) is activated and hydrolyzes TGs into FFAs and glycerol, which are then 

released into the blood. HSL is inhibited by insulin and stimulated by catecholamines, cortisol, and 

growth hormone. FFAs are extracted from the blood by the liver and skeletal muscle. In the liver, 

the fatty acids may be oxidized or used for ketone body production. Alternately, re-esterification 

may occur, and the resulting TGs are released as very low density lipoprotein (VLDL-TG). Skeletal 

muscle use FFAs directly or use VLDL-TG that is hydrolyzed by LPL to FFAs and glycerol. The 

free fatty acids are oxidized or stored in the TG pool of the muscles (8) (13). 

 

 

1.3 Abnormal glucose and fat metabolism in obesity  

 

Obesity is attributed to increased adiposity in different fat depots. Visceral obesity is 

particularly associated with insulin resistance and hyperinsulinemia (14). The mechanisms behind 

this tissue resistance to insulin have not been fully elucidated. Greater concentrations of free fatty 

acids in the blood in obese patients due to increased rates of lipolysis from the expanded fat mass 

have been shown to dose-dependently inhibit stimulated peripheral glucose uptake in skeletal 

muscle and to attenuate the suppressive action of insulin on gluconeogenesis (15). FFAs may also 

Figure 2. Normal fat metabolism. 
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inhibit peripheral glucose oxidation, as proposed in the Randle hypothesis (16). Increased 

production of lactate from glucose in the adipose of obese patients may also contribute to the insulin 

resistance that is observed (17). Furthermore, adipose tissue is now known to be an endocrine organ 

that secretes hormones regulating both appetite and metabolism. Higher levels of resistin, a 

hormone that induces insulin resistance and lower levels of the insulin-sensitizing hormone 

adiponectin has been found in obesity (18). The increased fat mass also produces higher levels of 

several inflammatory mediators (e.g. TNF and IL-6) that are known to induce both insulin and 

leptin resistance and to promote dyslipidemia (18, 19).  

Leptin is released in proportion to BMI and fat mass. However, the functions of leptin, such as 

decreasing appetite and reducing body weight, are attenuated due to central leptin resistance (20). 

Peripheral leptin resistance (21), the increase in FFAs, and insulin resistance all contribute to 

decreased fatty acid oxidation and, therefore, to intracellular lipid accumulation in non-adipose 

tissues such as �-cells, skeletal muscle, and liver (22, 23). This intracellular lipid accumulation 

activates non-oxidative metabolism and ceramide synthesis, which up-regulates inducible nitric 

oxide synthase and results in apoptosis. This lipotoxicity in �-cells impairs insulin secretion; in 

skeletal muscle it further attenuates insulin action (22). In the end, fasting hyperglycemia develops, 

primarily from excessive release of glucose by the liver due to increased gluconeogenesis. 

Figure 3. Abnormalities of glucose and fat metabolism in obesity. 
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Postprandial hyperglycemia results from both uninhibited hepatic glucose release and impaired 

skeletal muscle glucose uptake. Hypertriglyceridemia is believed to be the consequence of 

increased availability of FFAs and decreased peripheral clearance of FFAs, together with increased 

hepatic VLDL secretion (24, 25). Fig. 3 illustrates glucose and fat metabolism in obesity.    

 

1.4 Uncoupling protein 2 and obesity  

 

Oxidative phosphorylation is the process in which energy released from oxidized substrates in 

the respiratory chain; build up a proton electrochemical gradient over the inner mitochondrial 

membrane. Subsequent reflux of protons into the mitochondrial matrix via ATP synthase induces 

the phosphorylation of ADP to ATP. The processes of oxidation and phosphorylation are coupled in 

a reciprocal manner. This means that ADP phosphorylation controls the rate of oxygen consumption 

(respiration) and vice versa (26). Uncoupling protein 2 (UCP2) is a mitochondrial protein that is 

located on the inner mitochondrial membrane (27). UCP2 transcripts are expressed at various levels 

in rodent and human tissues, e.g. white adipose tissue, pancreatic islets, liver (Kupffer cells), lung, 

and spleen (28-30). UCP2 increases re-entry of protons into the mitochondrial matrix (31), thereby 

reducing the half-life of respiratory reactive intermediates capable of reducing O2 to O2
- (32). 

Several studies have reported an increase in UCP2 expression in response to oxidative stress (33-

35). UCP2 has, therefore, emerged as a potential regulator of the cellular redox state and as a 

protective factor against reactive oxygen species, a hypothesis that has been supported by studies in 

UCP2-/- mice (36, 37). However, as a consequence of UCP2 up-regulation, the mitochondrial 

membrane potential is dissipated, and heat is produced instead of ATP. Indeed, increased UCP2 

expression in hepatocytes and pancreatic islets is associated with decreased ATP levels and with 

cellular dysfunction (38, 39). The opposite is seen in studies using UCP2 deficient mice (37, 40), 

with the exception of one study (41). Up-regulation of UCP2 may, therefore, affect cellular function 

and viability.  

In rodent obesity, UCP2 is up-regulated in pancreatic �-cells, with a concomitant decrease in 

ATP levels and glucose-stimulated insulin secretion (40). Likewise, hepatocytes from these mice 

express higher levels of UCP2 and are more vulnerable to insults from ischemia/reperfusion and 

endotoxinemia (38, 42). In human obesity, UCP2 transcripts in white adipose tissue correlate 

positively with BMI (43), but the effects of obesity on UCP2 expression in other organs have not 

been fully studied. Hypothetically, an increased UCP2 expression in obesity could compromise 

mitochondrial function and thus promote organ dysfunction (44). Studies showing that liver and 

pancreatic grafts from obese donors are more susceptible to ischemia and reperfusion injury provide 
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support for this hypothesis (45, 46). However, some investigators have reported no detrimental 

outcome after using obese donor livers (47). 

 

1.5 Obesity – an inflammatory disease 

 

The publication of Hotamisligil et al. in 1993 that described the expression and secretion of 

TNF in adipose tissue (48) established the basis for understanding obesity as a state of chronic 

inflammation. Obesity is associated with increased serum levels of acute-phase reactants and 

inflammatory mediators. The levels correlate with BMI but more so with visceral adiposity and are 

reduced by weight loss. Increased cytokine production in both visceral adipose tissue (18) and 

circulating mononuclear cells (49) is thought to induce hepatic acute phase protein production (25). 

Increased levels of proinflammatory cytokines such as TNF, soluble TNF-receptors, and IL-6 as 

well as acute phase proteins such as C-reactive protein (CRP), have been shown in obesity (50, 51). 

IL-10, an anti-inflammatory cytokine, also has been reported to be increased in obese persons, 

although it was significantly lower in all individuals who had developed the metabolic syndrome 

(52). This suggests an increased pro-inflammatory potential with the development of the metabolic 

syndrome. Endothelial activation is found in obese individuals, as shown by high serum levels of 

adhesion molecules and selectines.  The high serum levels were reduced after weight loss (53). On 

the other hand, obese patients have lower levels of leukocyte (L-) selectin on their neutrophils, 

which could decrease the neutrophils’ ability to adhere and migrate (54). The increased levels of 

CRP seen in obesity may be one explanation, since CRP dose-dependently attenuated neutrophil 

endothelial adhesion through shedding of L-selectin (55).  

Obese persons have high leptin levels. Immune cells express leptin receptors but whether 

peripheral leptin resistance also affects these cells has not been determined. Leptin has been 

reported to promote production of TNF and IL-6 in primary cultures of human mononuclear cells 

(56) and to enhance neutrophil chemotaxis and oxidant production (57). This would suggest that 

leptin is pro-inflammatory. On the other hand, Gabay et al. reported that leptin stimulated 

production of the anti-inflammatory cytokine IL-1Ra in human mononuclear cells, without 

concomitant production of the pro-inflammatory cytokine IL-1β (58). Also, impaired 

polymorphonuclear leukocyte bactericidal capacity has been reported in obese individuals (59). 

Hence, it remains unclear whether leptin plays a role in the inflammatory syndrome caused by 

visceral obesity.  

In conclusion, in many aspects the obese phenotype resembles what is seen in the systemic 

inflammatory response after trauma (25) or acute pancreatitis (60, 61). However, it is of note that 



 

 

 

18 

even though higher serum levels of inflammatory mediators are found in obese individuals 

compared to lean subjects, the levels are do not compare to those observed in systemic 

inflammation due to trauma or acute pancreatitis, where the serum levels are much higher (62, 63). 

Obesity may, therefore, be regarded as a low-grade chronic proinflammatory state. Whether this has 

any significant impact on the inflammatory response after acute trauma or pancreatitis is not known.  

2 The systemic inflammatory response syndrome 
 

The systemic inflammatory response syndrome (SIRS) represents a whole-body, non-specific 

inflammatory response to tissue injury produced by mechanical, thermal, chemical, or microbial 

stimuli Thus, SIRS is observed after trauma, surgical operations, burns, inflammation in a specific 

organ (e.g. acute pancreatitis), hemorrhagic shock, and in immune-mediated organ injury. If the 

cause is infection, the term sepsis is appropriate (Fig.4). (64). Prevalence of SIRS is high, affecting 

about 30% of all in-hospital patients and >80% of those hospitalized in surgical intensive care units 

(65). 

From a clinical point of view, SIRS includes at least two of the following characteristics:  i) 

temperature < 36° C or > 38° C,  ii) heart rate > 90 beats per min,  iii) respiratory rate > 20 breaths 

per min or PaCO2 < 4.3 kPa,  iv) white blood cell count < 4000 or > 12000 cells per mm3 or >10% 

Figure 4. The relationship between the systemic inflammatory response syndrome 
and sepsis. Note that all patients with sepsis have SIRS, but not all patients with SIRS 
have sepsis.
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immature forms. SIRS may progress to severe SIRS with the addition of hypoperfusion or 

circulatory disturbances such as altered mental status, lactoacidosis, hypoxia, oligouria or 

hypotension. If this hypotension is unresponsive to fluid resuscitation, SIRS shock has developed 

(64). Thus, severe SIRS and SIRS shock represent a hierarchical continuum of increasing 

disturbance of homeostasis and development of organ dysfunction. Multi-organ dysfunction 

syndrome (MODS) represents the final phase of SIRS where several organs fail to maintain their 

homeostatic function (66). The more characteristics of SIRS a patients shows, the sooner SIRS 

escalates and poorer prognosis he has. In addition, persistent SIRS is also detrimental (66). In a 

previous report, mortality rates for patients with SIRS, severe SIRS and SIRS shock were 10, 20-40, 

and 40-60 %, respectively (65).  

 

2.1 The inflammatory response 

 

The pathophysiological mechanisms behind SIRS include multiple processes that are 

interrelated. In the local tissue inflammatory response following injury infection or systemic 

inflammation, activated macrophages play a key role in releasing the primary pro-inflammatory 

cytokines, tumor necrosis factor (TNF) (67) and interleukin 1(IL-1) (68). These primary 

inflammatory cytokines in turn generate release of more secondary proinflammatory mediators (e.g. 

IL-6, IL-8), interferon-γ (IFN-γ), macrophage inhibitory factor (MIF) (69), and high-mobility box 

group-1 (HMGB-1) (70). Meanwhile, Reactive oxygen species (ROS) and lipid mediators such as 

platelet activating factor (PAF) and leukotrienes, are also released from cells such as 

monocytes/macrophages, lymphocytes, endothelial cells, and activated polymorphonuclear 

leukocytes (PMNLs) (71, 72). Vasoactive substances such as PAF and nitric oxide (NO) induce 

vascular dilatation and increase blood vessel’s permeability, thereby increasing tissue perfusion and 

causing edema formation. The expression of adhesion molecules (ICAM and E-selectin on 

endothelial cells and L-selectin and integrines on PMNLs) promotes adhesion and transmigration of 

PMNLs into the tissue. Chemokines (e.g. IL- 8) and lipid mediators secreted from tissue 

mononuclear cells promote further migration of PMNLs into the local inflammatory site where they 

act as effector cells and release proteinases and reactive oxygen species (73). In addition, activated 

endothelial cells and the enhanced cytokine milieu induce a procoagulative state, with increased 

levels of, e.g. tissue factor that promote local microthrombi and coagulation, thereby confining the 

injured area (71, 72, 74).  

This early proinflammatory response is followed by several counter-regulatory mechanisms in an 

attempt to restore equilibrium. For instance, TNF receptors are shed into the circulation, thereby 
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decreasing receptor density at target cells. These soluble TNF receptors (sTNF-R) may further bind 

and inactivate free TNF in the circulation (75). Mononuclear cells release IL-1 receptor antagonist 

(IL-1Ra), thus inhibiting the action of IL-1�. IL-4 and IL-10 is also released, thereby reducing 

proinflammatory cytokine action or release (76) and promoting PMNL apoptosis (77). Acute-phase 

proteins such as CRP may inhibit PMNL function (78). Hypothalamic-pituitary-adrenal axis 

activation results in increased levels of anti-inflammatory glucocorticoids. Vagal efferent 

stimulation results in the release of acetylcholine that inhibits macrophage proinflammatory 

cytokine production by the cholinergic anti-inflammatory pathway (79). Systemic spillover may 

occur if a critical level of proinflammatory mediators is reached at the local site, but the presence of 

these mediators in the circulation must be seen as part of the normal response to infection or injury. 

These mediators help recruit neutrophils and mononuclear cells to the local site. Clinically, one or 

several signs of SIRS are seen, such as fever and/or leukocytosis. The local inflammatory response 

is illustrated schematically in Fig. 5.  

 

Figure 5. Schematic illustration of  the inflammatory response. 
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When the local inflammatory reaction is not contained, it is disseminated mainly via 

circulation and lymphatic routes (80), and amplified by immune cells and endothelium. This result 

in a massive systemic reaction clinically recognized as severe SIRS. The concept is supported by a 

positive correlation between circulating levels of cytokines and their receptors and the severity of 

systemic inflammation (62, 63, 75, 81). Inflammatory cascades are induced in remote organs, with 

tissue macrophage activation and massive PMNL infiltration (e.g. adult respiratory distress 

syndrome) (82). Uncontrolled systemic vasodilatation and decreased vascular resistance, together 

with third space losses due to increased vascular permeability, cause hypotension and decreased 

organ perfusion. Furthermore, increased tissue edema further attenuates tissue oxygenation. The 

procoagulative state promotes development of excessive microthrombi, causing microvascular 

occlusion and obstructed blood flow. The net results are, severe shock and unless homeostasis is 

restored organ dysfunction and, ultimately, organ failure (74, 83). The decreased tissue oxygenation 

and the present of  PMNL-induced injury products are believed to contribute to the development of 

organ dysfunction (71). However, increased tissue oxygen tension has been described in patients 

with prolonged sepsis, indicating defective oxygen consumption. Indeed, ROS- and NO-induced 

inhibition of respiration and mitochondrial dysfunction, with resultant decrease in ATP production 

has been reported. Thus, inadequate mitochondrial energy production has been proposed as one 

mechanism for multi-organ dysfunction (44, 84). Indeed, it has been proposed that the protective 

effect of insulin therapy in critically ill patients may be due to its prevention of hyperglycemia-

induced mitochondrial dysfunction (85).  

As shown in Fig. 6, the balance between the pro- and anti-inflammatory responses is 

important. The coexisting counter-regulatory anti-inflammatory response will inhibit mononuclear 

cell function and induce immune suppression. It may therefore, predispose the patient to infectious 

complications (72, 83). The hepatic macrophages (Kupffer cells) are of importance in this context. 

The Kupffer cells are a major target of bacteria, endotoxins, and inflammatory mediators reaching 

the liver from the circulation. As is true for other macrophages, Kupffer cells have the ability to 

regulate immune responses and release inflammatory mediators (86, 87). Because Kupffer cells 

make up the largest pool of fixed tissue macrophages and constitute approximately 70 % of the total 

macrophage population in the body, they play a crucial role in the regulation of the systemic 

inflammatory response. Therefore, blocking Kupffer cells will affect systemic mediator levels and 

immune function (88-90).  
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2.2 Metabolic changes in systemic inflammation 

 

It is well-known that any type of acute illness or injury results in insulin resistance with associated 

glucose intolerance and hyperglycemia (85). The degree of hyperglycemia is positively correlated 

with the severity of the disease (91). During the hypermetabolic state of critical illness, peripheral 

amino acid mobilization is increased, mainly in skeletal muscle. In spite of this, plasma levels of 

amino acids are low because of increased amino acid uptake by the liver for glucose production and 

acute-phase protein synthesis. Hyperglycemia is, therefore, the result of enhanced hepatic glucose 

production by gluconeogenesis (92). Meanwhile, as glucose uptake in non-insulin sensitive tissues 

tends to increase, the overall glucose uptake in critically ill patients is increased. The cause for 

insulin resistance is not fully elucidated. However, increased circulating levels of catecholamines, 

glucocorticoides, and glucagon, increased activity of the sympathetic nervous system and increased 

levels of cytokines (e.g.TNFα, IL-1 and IL-6) are among the pathological factors leading to the 

metabolic disarrangement. With the onset of hepatic failure may result in hypoglycemia and 

increased serum levels of amino acids may ensue (85, 93).  

Fat is the most important source of energy for patients with critical illness. Lipolysis, 

inhibition of lipoprotein lipase (LPL), and increased blood flow in fatty tissues mobilizes free fatty 

acids (FFAs) for the increased fat oxidation. With fat mobilization, plasma glycerol levels are 

Figure 6. Predominance of inflammatory response affects outcome. 
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increased. Meanwhile plasma FFA levels are increased to less extent due to FFA utilization in fat 

oxidation and hepatic fat re-esterification resulting in increased VLDL-TG release and the often-

observed hypertriglyceridemia. In contrast to simple starvation with expected hyperketonemia, low 

plasma concentration of ketone bodies is seen in critical illness. The whole picture is explained by 

increased concentrations of catecholamines, cortisol and glucagon, and antiketogenic effects of 

cytokines such as TNFα, IL-1 and IL-6, which also promote hepatic re-esterification of FFAs (94-

96).  

3 Acute pancreatitis 
 

3.1. Epidemiology and natural history 

 

Acute pancreatitis is currently defined as an acute inflammatory process of the pancreas with 

variable involvement of other regional tissues and/or remote organ systems (97). It is a common 

gastroenterological disease with an incidence of 5-80/100,000 that seems to increase (98). In 

Sweden, the incidence was 38/100,000 in 1999, including autopsy and forensic material (99).  

Acute pancreatitis (AP) results from a number of etiological conditions. Even though these 

conditions are well defined, the connection between etiology and pathological changes seen in AP 

is still partly unknown. Gallstones and alcohol cause 75-80% of AP. Less than 10% of AP is 

attributed to trauma, hyperlipidemia, hypercalcemia, tumors, viral infections and medical 

procedures such as surgery or after ERCP. In 10-15% of AP, no etiological factors are found and 

this AP is named idiopathic AP (100). According to a previous study, the diversified nature of AP 

etiology does not influence the course of the disease (101). Currently, the mortality of AP is about 5 

% (98, 102, 103). Of patients with acute pancreatitis, 75-80% will have mild AP, whereas the rest 

will develop severe disease. Severe acute pancreatitis (SAP), which is characterized with the 

development of organ failure and/or local complications such as necrosis, abscess, or pseudocyst 

(97), has a mortality rate of 9-24 % (102, 104). SAP is now recognized to be a two-phase disease 

(105). The first phase, which is started from the onset of AP, is sterile and associated with SIRS that 

may or may not lead to MODS within 1-2 weeks (103). Unless the process of acute pancreatitis is 

arrested, septic complications such as infected necrosis, sepsis, and MODS develop, hence the 

second phase of SAP (106). The distribution of mortality between the early and late phase varies in 

different studies, but 20-60% of the mortality in SAP may be attributed to the early aseptic phase 

(107-109). Infection of necrosis arises in 30-70 % of patients with necrotizing pancreatitis (107) and 

is associated with a fatality rate of 20-50 % (110), compared to sterile necrosis where lower 

mortality rates of 3-9 % have been reported (111, 112). Thus, infection appears to play a more 
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important role, than the extent of necrosis, in the progression of AP (113). The timing and relation 

between mild and severe AP, the frequency of local complications, and mortality is summarized in 

Fig. 7.  

 

 

 

3.2 Pathophysiology – early pancreatic events  

 

Investigation of early pathophysiological events in acute pancreatitis in humans is hampered for 

several reasons. First, patients with acute pancreatitis are heterogeneous in terms of etiology and 

demographics. In addition, when the patients present themselves the disease process already has 

started. Furthermore, the access to human pancreatic tissue samples is limited. Hence, investigators 

have turned to animal and cellular studies to overcome these limitations.  

Under normal physiological conditions, digestive and lysosomal enzymes are stored as inactive 

proenzymes in subcellular organelles of pancreatic acinar cells. When these cells are stimulated, 

intracellular Ca2+ levels increases and the inactive proenzymes are secreted from the apical pole of 

Figure 7. Overview of the natural history of acute pancreatitis. 
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the acinar cells. In the pancreatic juice 

entering the duodenum, the proenzyme 

trypsinogen is activated to trypsin by the 

brush-border enzyme enterokinase. After 

this, trypsin catalyses further activation of 

itself and the other proenzymes into their 

active forms (Fig. 8) (114).  

It is currently accepted that AP is 

initiated from a premature intracellular 

activation of proenzymes starting the 

autodigestive process that characterizes 

acute pancreatitis (115). An abnormal sustained elevation of cytosolic calcium is causally involved 

in the cascades leading to premature intracellular trypsinogen activation (116). The so-called co-

localization theory describes a secretory block, mis-sorting and co-localization of digestive and 

lysosomal enzymes, such as cathepsin B, in the Golgi apparatus in acute experimental pancreatitis 

(117, 118). Experiments in cathepsin B deficient mice have indicated that cathepsin B is involved in 

protease activation in AP. However, as pancreatitis was not completely prevented in these mice, 

protease activation appears also to occur 

by other mechanisms (119). Intra-

parenchymal and extra-pancreatic 

extravasation of these activated digestive 

enzymes, along with the activity of 

phospholipase A2 (120) and lipase (121), 

two enzymes that do not need activation, 

is then responsible for initial tissue injury 

affecting the acinar cells, the interstitial 

and peripancreatic fat tissue, the 

pancreatic ductal system, and the 

pancreatic vascular network. This results 

in the development of peripancreatic and 

septal fat necrosis, parenchymal necrosis, 

vascular disruption, and hemorrhage 

(122). The co-localization theory is 

illustrated in Fig. 9. 

Figure 8. Normal acinar cell secretion and activation of 
digestive enzymes. 

Figure 9. The co-localization theory. Due to mis-sorting, 
digestive and lysosomal enzymes are co-localized and 
this together with a secretory block promote intracellular 
premature activation of trysinogen. 
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The progression of pancreatic tissue injury also involves the infiltration of activated 

polymorphonuclear leukocytes (PMNLs) (123, 124). Cytokines and chemokines produced by acinar 

cells may provide the first signals required for recruiting inflammatory cells into the pancreas 

during the initiation of acute pancreatitis. Indeed, acinar cells express and produce several 

inflammatory mediators in acute pancreatitis, which have the ability to attract PMNLs e.g. ROS 

(125), TNF, (126), IL-6, and the chemokines IL-8 and mob-1 (127, 128). Furthermore, pancreatic 

enzymes such as trypsin, elastase, carboxypeptidase A, and lipase have been shown to induce TNF 

production in macrophages (129, 130). The pathological effect of PMNLs is derived in part from 

lytic enzymes and reactive oxygen species (ROS) released from the cells (131). In addition, the 

TNF released within the pancreatic parenchyma is toxic to acinar cells and is probably contributing 

to apoptotic cell death (132, 133). However, whether apoptosis accelerates or arrests AP’s 

progression remains uncertain (134). TNF, IL-1� and IL-6 are accumulated in the pancreas within 

the first hour after induction of experimental pancreatitis. In a few hours, circulating TNF, IL-1� 

and IL-6 are increased as well (135). Meanwhile, pancreatic and circulating levels of the anti-

inflammatory mediator IL-10 are changed in a similar manner (136). It is generally believed that 

cytokines in pancreatitis are derived from inflammatory cells, mostly macrophages that infiltrate the 

pancreas (137, 138). PMNLs have been shown to produce a variety of cytokines, e.g. TNF, IL-1�, 

IL-1Ra, and IL-6, even though the producing rate in PNMLs is much lower than that in 

mononuclear cells. However, as the majority of infiltrating cells in the pancreas are PMNLs (139), 

PNML-derived cytokines may contribute significantly to the cytokines’ accumulation in pancreas 

(73). Finally, neutrophil oxidant production can induce acinar nuclear factor kappa B activation and 

production of TNF, IL-1� and IL-6 (140). Accordingly, as acinar cells constitute 90% of the 

pancreatic cells, cytokines accumulated in the pancreas may be derived, in part, from pancreatic 

acini.  

 

3.3 Systemic events and the role of the liver 

 

Following cytokine expression in the pancreas, TNF and IL-1� expression is induced in other 

organs such as the lungs, liver, and spleen, which supports the idea that TNF and IL-1� play an 

essential role as mediators in multi-organ failure in AP (141, 142). Accordingly, antagonism of 

TNFα (143, 144) or IL-1� (145) reduce morbidity and mortality of AP. Gene targeting experiments 

have confirmed the central pro-inflammatory role of TNF and IL-1 in the pathophysiology of acute 

pancreatitis and ARDS (146, 147). In parallel to TNF, IL-10, which inhibits the release of pro-

inflammatory cytokines from monocytes/macrophages, is expressed in distant organs (136). 
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Experimentally, administration of IL-10 prevents AP-induced organ injury and mortality (148, 149). 

As another mediator, elastase has been proposed to induce SIRS in acute pancreatitis (150). In 

rodent models, pancreas- and PMNL-derived elastase induces the systemic inflammatory effects 

and respiratory distress syndrome seen in acute pancreatitis (151, 152). In rat models, elastase 

inhibitors reduce the severity of acute pancreatitis (153). Finally, in humans, serum elastase is a 

prognostic indicator for the severity of multiple organ failure as a result of acute pancreatitis (154).  

The pancreatic inflammation may spread by circulation or lymphatic route since high levels of 

cytokines and pancreatic enzymes are found in the ascites in acute pancreatitis. However, a recent 

study in humans showed that the systemic levels of cytokines were unaltered in patients with AP 

and organ failure despite thoracic duct drainage, suggesting the portal and hepatic venous route as 

the primary way of transfer of the local inflammatory process to the systemic circulation (80). 

Moreover, TNF, IL-1�, IL-6 and IL-10 have been detected in the portal vein after induction of acute 

experimental pancreatitis (90). The levels of these cytokines were higher in the hepatic vein than in 

portal blood, and further higher in the systemic circulation. However, one earlier study observed the 

lowest concentration of TNF in the hepatic vein (155). Hoyos and co-workers demonstrated that 

portocaval shunting, but not mesocaval shunting, prevented induction of pulmonary cytokines and 

the inflammatory process (156). Furthermore, blocking the Kupffer cells reduces systemic cytokine 

levels, pulmonary injury and AP mortality (90, 157). These findings further support the hypothesis 

that the primary way of spread of the pancreatic inflammation is via the portal vein to the liver 

where the Kupffer cells play an important role as a source and modulator of the systemic 

inflammatory response in acute pancreatitis.  

 

3.4 Human acute Pancreatitis, SIRS, and MODS 

 

The mortality of acute pancreatitis is largely attributable to the development of multi-organ failure. 

Organ failure may arise without pancreatic necrosis (158), and every patient with necrosis does not 

develop organ failure (159). Thus, the systemic inflammatory response contributes more to the 

morbidity and mortality, than does the severity of pancreatic damage. Numerous papers have 

described that plasma levels of pro- and anti-inflammatory cytokines, their soluble receptors or 

antagonists are increased in patients with acute pancreatitis, and the degrees of these increases 

correlate with the severity of the disease (63, 81, 160, 161). Likewise, serum elastase levels 

correlate with disease severity (154), which is of interest because elastase has been shown to induce 

systemic inflammation (150). The prognosis for the patient is closely related to the number of 

organs that fail (162), with pulmonary failure the most common (109). However, transient organ 
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failure (<48 hours), as usually seen in the lungs, does not necessarily lead to poorer outcome in 

acute pancreatitis (163). This is in agreement with a previous description of the natural history of 

SIRS (66). 

 

3.5 Obesity – a negative prognostic factor  

 
The morbidity and mortality of acute pancreatitis largely result from the hosts’ response to the 

pancreatic process. Patient characteristics contributing to the development of complications and 

organ failure include age and obesity (104, 164). Several studies have shown that obesity is a 

negative prognostic factor in acute pancreatitis. As shown in table 1, most of the studies show an 

increased risk for both local and systemic complications and thus, severe pancreatitis (97).  

 

Table 1. Impact of increased BMI on acute pancreatitis   

   Complications  

Ref studies  Obesity Controls Local Systemic/OF   Severe AP Mortality   

(165) BMI�27,5 < 27,5  0 � resp NA 0  

(166) BMI **  NA NA NA �  

(167) BMI�30 <30  � � � �  

(168) BMI�30 <30  � 0 � 0  

(169) BMI�25 <25**   � � �  0  

(170)* BMI�30 <30**  0 � � 0  

(104) BMI�28 <28  na � na �   

(171) BMI **  negative prognostic factor   �   

(172)* BMI�30 <30  � � � 0  

(164) BMI�30 <30**  � � �  �  

� positive correlation; 0 no correlation; NA: not applicable; AP = acute pancreatitis; BMI=body mass index; OF=organ 

failure; Atlanta classification was used for severe AP, except by (165) who used � 4 Ranson chriteria and  (167) who 

assessed OF and mortality.  * andriod fatness negative prognostic factor; ** BMI-dependency observed 

 

In the study by Tsai however, only increased risk for local complications in obesity was observed 

(168). Yet, in that Asian study, persons with BMI �30 was compared to those with a BMI < 30. As 

fat distribution in Asians is different from that in cut-off BMI values used to assessing obesity in 

Caucasians may not be applicable for Asians (4). 
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This suggests that the result in 

the study by Tsai may reflect the 

fact the obese patients were 

compared to a group of obese, 

overweight and normal subjects. 

As shown in Fig. 10, the 

importance of separating these 

weight groups in this kind of 

study is emphasized by the 

results of Johnson et al. showing 

that risk for complications is 

correlated to BMI values (164). 

This dependency on BMI has 

been reported by other authors (169, 170). In five studies, obesity was associated with fatal outcome 

(102, 104, 164, 166, 167), even though obesity was not an independent risk factor in every of them 

(102, 104, 166). Recent studies further suggest that visceral fat distribution, rather than BMI or 

body fat percentage, is a negative predictor of complications in acute pancreatitis (170, 172). The 

mechanisms underlying this negative association are not elucidated. Obesity may affect several 

pathogenetic pathways in acute pancreatitis as illustrated in Fig. 11.  

 

Figure 10.  BMI dose-dependently increases the rate of 
complications in acute pancreatitis.  
 

Figure 11.  Hypothetical mechanisms behind the negative impact of obesity on acute pancreatitis. 
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First, the increased amount of peri-pancreatic fat may promote the necrotizing process (122). Acinar 

cells and endothelium can be damaged by free fatty acids (FFAs) released from the fatty depots by 

digestion of triglycerides thereby disturbing pancreatic microcirculation and promoting the necrotic 

process (173, 174). Later, infectious complication may be promoted due to extensive tissue necrosis 

(106) and obesity associated impairment of immunity (175). Secondly, obesity may alter the 

systemic inflammatory response to acute pancreatitis, where the steatotic liver may play an 

important role in this process (176). Thirdly, the organs of the obese individual could be more 

susceptible to inflammatory challenges, maybe through an altered mitochondrial and cellular energy 

metabolism (84). Finally, obesity is associated with several concomitant disorders such as 

cardiovascular disease, decreased lung and chest wall compliance, and an altered endocrine and 

metabolic state (177). 
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Aims 
 
 
The general aim of this thesis was to define the involvement of obesity in acute experimental 

pancreatitis (AEP). To this end, a series of studies were undertaken. These individual studies had 

specific aims as follows:  

• To investigate the impact of obesity on outcome of AEP in rats. 

• To examine if the degree and/or duration of diet-induced obesity influence outcome of AEP in 

rats.  

• To investigate the inflammatory response and organ injury in genetically induced obesity in 

AEP in rats.  

• To further investigate the impact of genetic obesity on inflammatory response and organ injury 

in another model of AEP in mice.  

• To study uncoupling protein 2 in AEP. 
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Methods employed 
 

This section presents an overview of some the methodologies used in the different studies. The 

details of the experimental designs and the methods are included in the individual papers.    

 

1 Animal models of obesity  
 

1.1 Induction of obesity in rats by dietary fat (Papers I and II) 

 

 In humans, obesity is believed to be a consequence of polygenic interactions with the environment. 

Therefore, different diets (mostly high-fat) have been used to induce obesity in rodent models of 

obesity (178). Like humans, different strains of rats show different degrees of susceptibility to the 

development of obesity, and the composition of the diet may influence the results. Therefore, 

inconsistent results have been obtained in different studies. In wild-type animals, high-fat diets may 

(179) or may not (180) induce dyslipidemia (high FFAs and TGs) within days or weeks. Increases 

in body weight and the accumulation of intra-abdominal and hepatic fat occur soon thereafter (180-

182). Insulin resistance and glucose intolerance take weeks to develop, and this insulin resistance is 

not followed by hyperinsulinemia. In fact, hyposecretion of insulin has been seen (183), in contrast 

to the situation in obese Zucker rats and in human obesity (7, 184). Increased plasma insulin levels 

have been reported after 4 weeks in an experiment using gastric cannulation (182) but plasma 

insulin, glucose, and leptin were unaltered after 12 weeks in a study using oral high-fat feeding. 

However, leptin and insulin levels were increased after 32 weeks of high-fat feeding in that study 

(185). Thus, high-fat feeding does induce obesity after a relatively-short period of time, whereas the 

associated syndrome of obesity takes longer to develop, if it develops at all. As a result, it is 

difficult to extrapolate from rodent models to human obesity. However, studies of the impact of 

increased adiposity are feasible because the animals do become obese. Dietary intervention was 

used to induce obesity in papers I and II.  

 

1.2 An obese rat with a genetic defect (Papers I and IV) 

 

The genetically obese Zucker rat is a model that has been extensively used for studies of obesity 

and the metabolic disorder associated with obesity. Obesity in this rat (Zuc-Leprfa) is attributed to a 

mutation of the leptin OB receptor (OB-r). This mutation reduces both receptor expression and 

ligand-receptor association on the cell surface, and thereby attenuates leptin-induced intracellular 
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signaling (186). Thus, the animals are leptin resistant. The obese Zucker rat display hyperphagia, 

low physical activity, predominantly intraabdominal obesity, and hepatic steatosis. Metabolic 

changes seen in this rat include insulin resistance, hyperinsulinemia, and glucose intolerance. Later 

the animals may develop hyperglycemia, hyperlipidemia, and hypertension (184, 187), metabolic 

changes that resemble the metabolic syndrome of human obesity (7). The animals also suffer from 

neuroendocrine disturbances such as hyperleptinemia, chronic hyperactivity of the hypothalamic-

pituitary-adrenal axis, hypercorticosteronism, and low levels of sex hormones and growth hormone 

in the peripheral circulation (188, 189), as occurs also in obese humans (190). Decreased 

sympathetic and increased vagal outflow have been described, and these would contribute to 

hyperinsulinemia and the development of obesity (188). Depending on the age of the animals, 

pancreatic weight has been reported as unaltered (191) or decreased (192) in comparison to lean 

littermates. When lean and obese rats are young (<8 weeks), they have similar enzyme contents in 

their pancreases, whereas later on the obese rats show decreased amylase and increased lipase and 

trypsinogen in the pancreas (191, 193). A decreased pancreatic exocrine response to 

cholecystokinin has also been demonstrated in obese Zucker rats (192).  

 

1.3 The obese ob/ob mouse (Paper V) 

 

In paper V, we used the genetically obese ob/ob (B6.V-Lepob) mouse, a model extensively used in 

studies of obesity. A single-base gene mutation results in a premature termination of leptin 

synthesis, i.e. the mouse is aleptinemic but has functional leptin receptors. The obese mice are 

characterized by hyperphagia, marked subcutaneous and visceral obesity, and hepatic steatosis. 

Metabolically, they exhibit hyperglycemia, hyperinsulinemia, and insulin resistance. 

Gluconeogenesis is enhanced despite the hyperinsulinemic state. An increase in the number and size 

of the beta cells of the islets of Langerhans underlies the hyperinsulinemia. In addition, the 

secretion of glucagon is elevated. Previous studies have shown an exaggerated insulin (and 

glucagon) release in response to numerous secretagogues (194). The adrenals of obese mice are 

enlarged, and there is an increased synthesis of corticosterone. As in the Zucker rats, 

hypothyroidism and low levels of sex hormones and growth hormone are observed (178). 

Administration of exogenous leptin to the animals normalizes all aspects of obesity and the diabetes 

syndrome (195). Pancreatic weight is not different from lean mice (196), but amylase content is 

decreased (197). 

 



 

 

 

34 

2 Induction of acute pancreatitis in rodents  
 

2.1. The sodium taurocholate model in rats (Papers I−IV) 

 

The sodium taurocholate model reproduces the morphologic and pathophysiologic changes of the 

most severe form of human acute pancreatitis and has played a significant role in establishing the 

current understanding of the disease in man. The sodium taurocholate model has often been used for 

objective testing of various modalities of treatment (198). The model was standardized by Aho et 

al., who showed that the extent of pancreatic injury and the mortality rate were dependent on the 

volume, concentration, and pressure of the infused taurocholate (199, 200). They reported that 

injection of 0.2 ml of 3.0 %, 4.5 % and 5.0 % taurocholate solution into rats weighing 200 grams 

led to mortality rates of 24%, 71%, and 100%, respectively, within 72 hours, which is the time 

recommended for observation of death rate (201). After the infusion, amylase and lipase increase 

within minutes (202) but are usually normalized within 24-48 hours. Morphologically, pancreatic 

necrosis is observed 15 minutes after the injection, with concomitant edema, hemorrhage, and 

infiltration of leukocytes. These pathological changes will progress, reaching maximal severity after 

48-72 hours (203). Concomitant hepatic injury and pulmonary inflammatory changes have been 

described as early as 1 hour after sodium taurocholate infusion (204, 205).  

In the current studies, the rats were anesthetized and laparotomized. The biliopancreatic duct 

was then cannulated transduodenally with a catheter (PE 10, 0.61 mm outer diameter, Intramedic, 

Clay Adams, USA). The catheter was introduced 5 mm into the duct, which was then occluded by 

small clamps at the hilum of the liver and at the papilla. Acute pancreatitis was induced by 

retrograde infusion of sodium taurocholate (Sigma Chemicals Co, St Louis, MO, USA) into the 

pancreas in one minute using an infusion pump (Syringe pump 22, Harvard Apparatus, Milford, 

MA, USA). After the infusion, the abdomen was closed in two layers, and saline and buprenorphine 

were given subcutaneously.  

 

2.3 The “two hit” model in Paper II 

 
The organ failure in acute pancreatitis is proposed to result from two consecutive “hits,” with an 

initial priming of inflammatory cells that result in adhesion and accumulation of PMNLs in vital 

organs. This priming is present in acute pancreatitis with SIRS. The second challenge is another 

inflammatory “hit,” e.g. bacteriemia from infected pancreatic necrosis, that will cause further 

activation of the primed PMNLs that have accumulated in vital organs, and then organ failure will 

ensue (206, 207). In order to mimic this, lipopolysaccharides (endotoxins), which are membrane 
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constituents from the cell walls of gram-negative bacteria, have been given in addition to the 

induction of acute pancreatitis. Several experimental studies have shown increased systemic 

cytokine production, augmented organ dysfunction, and increased mortality rates in this two-hit 

model of pancreatitis compared to pancreatitis alone. In paper II, acute experimental pancreatitis 

was induced by retrograde infusion of sodium taurocholate into the pancreatic duct followed 3 

hours later by an intra-peritoneal injection of lipopolysaccharide (LPS) (Escherichia coli, serotype 

0111:B4, Sigma Chemicals Co, St. Louis, MO, USA).  

 

2.3 The cerulein hyperstimulation model in mice (Papers III and IV) 

 

This model of pancreatitis is suitable not only for studies of the earliest pathophysiological events in 

the pancreas but also for studies of early SIRS and pancreatitis-associated lung injury (208). In this 

model, pancreatitis is induced by 4-12 hourly intra-peritoneal injections of supraphysiological doses 

of the cholecystokinin analog cerulein. Niederau et al. showed that a dose of 50 µg/kg cerulein 

caused near maximal damage and that higher cerulein doses did not induce more severe damage in 

the pancreas (209). Amylase and lipase increase in peripheral circulation within one hour after the 

first injection and usually return to normal values within 24 hours. Leukocyte infiltration, edema, 

cell necrosis and vacuolization progress over time in the pancreas and reach maximal severity after 

24 hours. Pulmonary inflammatory changes are seen within 6 hours after the first cerulein injection 

and gradually subside within 24-36 hours depending on the number of injections (119, 210).  

3 Bioassays  
 
3.1 Myeloperoxidase assay (Paper III - V) 

 
Myeloperoxidase (MPO) is one of a number of enzymes located in the azurophile granules of 

polymorphonuclear leukocytes (PMNLs) and, to a lesser extent, in monocytes. MPO catalyzes the 

formation of hypochlorous acid, a powerful oxidant formed from chloride ions and hydrogen 

peroxide. MPO is released as a result of inflammation and phagocytosis. MPO activity in tissues 

has been used as a sensitive index of PMNL tissue sequestration (211). Sometimes the correlation 

between histological assessment of leukocyte tissue infiltration and MPO activity is poor, which 

may be due to the fact that the MPO activity reflects both the number and functional state of both 

the leukocytes in the organs and the adherent PMNLs and monocytes/macrophages (124, 212). The 

MPO assay is based on the principle shown in Fig.12. MPO is liberated from tissue leukocyte 

granules by the detergent action of hexadecyl trimethylammonium bromide (HTAB). In the 

presence of H2O2, MPO catalyse the conversion of H2O2 into water and the oxygen radical O- that 
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combines with the hydrogen donor, 3, 

3’, 5, 5’-tetramethylbenzidine (TMB). 

TMB is thereby converted to a blue 

colored compound. After a defined time, 

the reaction is stopped by adding sul-

phuric acid. The intensity of the conver-

sion, as measured spectrophotometri-

cally, reflects the MPO activity.  

In the current studies, tissue 

samples were ground and homogenized 

in ice-cold 20mM PBS and then centri-

fuged. The resultant pellet was dissolved 

with HTAB (0.5%) in 50mM PBS (pH 6.0). The sample was sonicated and passed through 3 

freeze/thaw cycles before being incubated at 60°C for 2 hours. After centrifugation at 10,000 x g for 

10 minutes, the supernatant was collected and the protein concentration was measured. Fifteen to 30 

µg of protein from the supernatant was aliquoted in triplicate in a 96-well plate. TMB substrate 

(100µl, Vector Laboratories, Burlingame, CA, USA) was added, and the reaction was allowed to 

run for 3 minutes before being stopped with 100µl of 1N sulphur acid. Absorbance was read at 450 

nm, and MPO activity was expressed as absorbance/mg protein. 

 

3.2 Real-time polymerase chain reaction (Papers III -V) 

We used state-of-the-art technology to assess gene expression. Real-time PCR uses a fluorescently-

labeled oligonucleotide probe that detects specific nucleic acid amplification products as they 

accumulate in real-time. As shown in the Fig. 13, during the start of polymerization (panel A), the 

primers and target-specific probe anneal to the single-stranded complementary DNA. A reporter 

fluorescence dye (R) and a quencher dye (Q) are attached to this fluorogenic probe. Due to the 

Förster resonance energy transfer, negligible fluorescence from the reporter dye’s emission is 

observed once both dyes are attached to the probe. B) Once PCR amplification begins, DNA 

polymerase cleaves the probe, and the reporter dye is released. Now separated from the quencher 

dye, it generates a sequence-specific fluorescent signal. C) Once the polymerization in completed, 

the temperature is increased, and the DNA strands are separated. When temperature is decreased 

again, primers and probe anneal and a new cycle begins. The fluorescent signal increases during 

every amplification cycle in real time as PCR cycles continue; the intensity increases 

proportionally.  

Figure 12. The principal idea of the MPO assay.  
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Real-time PCR is advantageous compared to conventional PCR in the following respects. First, 

real-time PCR uses a fluorescently-labeled oligonucleotide probe that is target-specific, i.e. it is 

only cleaved if the target sequence is being amplified. Thus, non-specific amplification due to mis-

priming or primer-dimer artifacts does not generate any signal. Secondly, real-time PCR does not 

involve end-point analysis since real-time PCR is monitored and saved, and later quantification with 

adjustment of threshold levels is feasible. The real-time approach eliminates the need for post-PCR 

processing by gel electrophoresis. Finally, because probes can be labeled with different, 

distinguishable reporter dyes, amplification of two or more distinct sequences can be detected in a 

single PCR (a so-called duplex or multiplex PCR). In the current studies, we ran a duplex PCR with 

18S as our housekeeping gene. 18 S was chosen as the internal control since this gene has been 

shown to be unchanged by acute pancreatitis (213), and several studies have described altered gene 

expression of other commonly-used housekeeping genes, such as �-actin and GAPDH, in response 

to acute pancreatitis or food deprivation (214, 215). We assessed gene expression as follows: The 

tissues were ground in liquid nitrogen. Total RNA was extracted and treated with DNAse (Ambion 

Inc., Austin, Texas, USA). The integrity of the RNA was assessed by gel electrophoresis, and 

degraded RNA samples were excluded from further processing. One microgram of total RNA was 

reverse transcribed using either random primers or a mixture of 0.5 µg oligo(dT) and 400 pM of 

Figure 13. The principal idea of real time PCR. 
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18S reverse primer (Promega, Madison 

WI, USA). The resultant cDNA was 

then subjected to real-time PCR using 

the ABI PRISM® 7000 Sequence 

Detection System (Applied 

Biosystems). All primers and 

TaqMan® probes were purchased 

from Applied Biosystems (Foster City, 

CA, USA) and designed to span 

introns. Real-time amplification was 

implemented in three consecutive 

phases, i.e. i) 2 min at 50oC, ii) 10 min 

at 95oC, and iii) 45 cycles of 15 sec at 

95oC followed by 1 minute at 60oC. 

The UCP2 real-time curves presented 

in Paper III is shown in Fig.14.   

 

3.3 Inflammatory cytokines studied (Papers IV and V) 

 
In order to evaluate the influence of obesity on the local and systemic inflammatory response we 

chose to study the gene expression of two proinflammatory mediators (TNF and IL-6) and one anti-

inflammatory mediator (IL-10) in AEP rodents. In paper IV we also examined the expression of 

another anti-inflammatory mediator, namely pancreatitis associated protein (PAP) (216). As a 

primary cytokine of inflammation (67), TNF expressed induces more TNF expression as well as the 

expression of IL-6 (217). For this reason, the expression of IL-6 is now regarded as indicative of 

TNF expression. Besides, TNF also stimulates the production of IL-10 that is known to 

downregulate TNF and IL-6 expression in macrophages (76, 218). Finally, the expression of PAP, 

which is induced by TNF and IL-6, has a negative feedback to inhibit TNF and IL-6 expression in 

macrophages (216). The relationship between the currently studied cytokines is shown in Fig. 15.  

Cytokines act mainly in an autocrine and paracine fashion and therefore their tissue levels are 

of most interest. Organ cytokine expression is mirrored by the plasma levels (135, 136, 141), 

therefore we chose not to evaluate plasma levels of cytokines since they reflect the sum of the 

whole body production, and thus give little information about organ-specific expression of 

inflammatory cytokines in AEP. Furthermore, circulating cytokines have a short half-life and 

measurable levels may be inactivated by cytokine inhibitors (e.g. �2-macroglobulin) and soluble 

Figure 14. Real-time PCR showing increased pancreatic 
UCP2 expression in animals with 24 hours of acute 
pancreatitis (AP) compared to controls (C). Data presented in 
Paper III. 
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receptors (e.g. TNF and IL-6) in the bloodstream (219). Quantification of tissue mRNA is widely 

used to investigate the cytokine profiles. Although the mRNA assay can not fully reflect cytokine 

profiles at the protein level, previous studies of the currently used genes in acute pancreatitis have 

shown that increased gene expression is associated with increased tissue protein and plasma levels 

of the cytokines investigated (135, 141, 157, 216, 220).  

Figure 15. The interrelationship between the currently studied genes. 
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Review of major findings of investigations 
 

Paper I 
 

We investigated taurocholate-induced experimental acute pancreatitis (AP) in both fa/fa Zucker 

rats, which were genetically obese (GO), and fa/? Zucker rats, which were originally lean and 

became obese following high-fat-diet feeding (HFO).  Lean Fa/? rats were used as controls (LC). 

Pancreatic pathomorphology and mortality were examined 72 hours after AP was induced.  The 

different diets and groups are shown in Fig.16. 

The body weights (BWs) of the 3 study 

groups showed significant differences, with the 

genetically-obese rats being the heaviest and the 

lean controls the lightest. The GO and HFO 

animals had significantly more intra-abdominal fat 

(grams of epididymal fat/100 g BW), compared to 

lean controls. The liver weight per 100 g BW 

weight was not significantly different between 

groups. However, the GO rats had significantly 

increased liver fat content (mg fat/g liver) 

compared to the other two groups. Also, the GO rats 

had significantly higher serum triglycerides and free 

fatty acids compared to both the HFO and LC rats. 

In the low-dose experiment, histological scoring of 

pancreatic pathomorphology after 72 hours of AP 

did not show any differences between groups, and 

the 72 hour survival rate was also not different (LC 

100%, HFO 88%, GO 89%; ns). In the high-dose 

experiment, the total mean histological score and 

the amount of fat necrosis were significantly higher 

in the HFO rats than in the LC animals. The 72-

hour survival rate was, however, significantly lower 

in the GO rats as shown in Fig. 17. Survival rates in 

the high-dose experiment correlated with liver fat 

content and serum triglycerides.   

 

Figure 16.  Experimental design study I. The rats 
were fed 12 and 15 weeks before the low and 
high dose experiment, respectively. 

Figure 17. Survival curve in the high-dose 
experiment for the lean control (�), high fat 
induced obese (�), and genetically obese (�) 
rats. * P < 0.05 vs high fat obese. † P < 0.001 
vs lean controls. 
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Paper II 
 

 In this study, obesity was induced by feeding lean Zucker rats different amounts of dietary fat. We 

used the “two hit” model of AP to study the impact of obesity on pancreatic pathomorphology and 

survival rate. Three experiments were done: a dose-response experiment with LPS, a chronic 

experiment, and an acute experiment. The addition of LPS to acute AP dose-dependently decreased 

survival rate and the addition of LPS to AP also increased the amount of intra-abdominal fat 

necrosis. The different diets and groups for the chronic and acute experiment are shown in Fig. 18. 

In the chronic experiment, 16 weeks of high-

fat feeding dose-dependently increased body weight 

(BW) and intra-abdominal and hepatic fat content, 

with the HFD60 group having the most fat and the 

CC animals the least. There were no significant 

differences in serum lipids between the groups.  

In the acute experiment, 10 days of acute 

high-fat feeding (HFD46) significantly increased 

BW and intra-abdominal- and hepatic fat content 

compared to lean controls (AC). However, short-

term high-fat feeding also induced significant 

hyperlipidemia. 

All treated rats developed necrotizing 

pancreatitis. In the chronic experiment, no 

significant differences in pancreatic 

pathomorphology or the macroscopic amount of 

fat necrosis were observed. However, in the acute 

experiment, the high-fat-fed group exhibited less 

inflammatory infiltration than the lean controls. In 

the chronic experiment (Fig. 3), only rats in the 

obese group died at an early time point (<24h), in 

contrast to the lean control groups in which no 

animal succumbed in the first 48 hours. The 72-

hour survival rate was not statistically different. In 

the acute experiment, the survival curves and rates 

were similar in HFD46 (47%) and AC (40%). 

Figure 18. Experimental design. The chronic 
experiment consisted of 16 weeks of high fat 
feeding before acute pancreatitis (AP) was 
induced. In the acute experiment feeding 
preceded induction of AP with 10 days. 

Figure 19. Survival curves in the chronic 
experiment. The 72-hour survival rate is not 
statistically different. Controls (�), HFD35 (�), 
and HFD60 (�). 
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Paper III 
 
The study investigated whether pancreatic UCP2 gene expression in acute pancreatitis is related to 

the severity of the disease. Two model of AP were employed. In the mouse model, different AP 

severities were obtained by observing cerulein-induced AP at different time points (12- and 24-h) 

whilst different AP severities were induced in the 

rat model by using different doses of taurocholate. 

Cerulein-induced pancreatitis 

As shown in Fig. 20, the levels of UCP2 mRNA 

in the cerulein-treated mice were not significantly 

different from those in the saline-injected mice 12 

hours after the first injection despite significantly 

increased MPO activity. At the 24-hour time 

point, UCP2 mRNA values were nearly 12-fold 

greater than those in the control mice. A 

significant correlation between UCP2 mRNA 

expression and acinar cell injury was observed. 

Taurocholate pancreatitis 

The severe pancreatitis group had more profound 

pancreatic necrosis than the mild pancreatitis group. 

Both pancreatitis groups had marked inflammatory 

infiltration, but there were no differences between 

these groups. A low basal level of pancreatic UCP2 

mRNA expression was seen in the control animals. At 

72 hours after taurocholate infusion, UCP2 mRNA 

levels in the mild pancreatitis animals were not 

significantly different from control values, but UCP2 

mRNA in the severe pancreatitis group was 4-fold 

higher than in the control rats (Fig. 21). A significant 

correlation between UCP2 mRNA expression and 

parenchymal necrosis was observed. UCP2 transcripts were 

detected in the acini isolated from normal rat pancreas.  

UCP2 protein was not detectable in pancreatic mitochondrial 

isolation using Western blotting.  
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Figure 20. Pancreatic UCP2 gene 
expression in mice Fold change in 
relative UCP2 gene expression at 12 and 
24 hours after the first injection of 
cerulein. *** P < 0.001 

Figure 21. Pancreatic UCP2 gene 
expression. Fold change in relative UCP2 
mRNA levels after sodium taurocholate 
infusion in mild and severe groups 
compared to control levels. ** P < 0.01. 
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Paper IV 
 

Taurocholate was used to induce AP in 

genetically-obese Zucker fa/fa rats and their lean 

(Fa/?) littermates. Untreated lean and obese rats 

were used as controls. In these rats, organ injury 

and gene expression of tumor necrosis factor 

(TNF) and IL-6, IL-10 and pancreatitis associated 

protein (PAP) were investigated. Pancreatic 

transcripts of  TNF, IL-6, IL-10 and PAP were 

increased in all AP rats. Compared to lean AP 

rats, obese rats had greater TNF expression but 

less IL-6 and IL-10 expression (Fig. 22). In AP, 

serum amylase, MPO activity and pancreatic 

injury were comparable between groups. All gene transcripts increased in the liver of lean and 

obese rats, except TNF expression in the lean AP rats. Compared to lean AP rats, obese rats had 

even greater responses in IL-6 expression but smaller response in PAP expression (Fig. 23). Serum 

ALT levels increased in obese but not lean AP rats. The obese AP rats exhibited microvesicular 

steatosis and focal steatohepatitis. Hepatic MPO activity increased similarly in both AP groups. 

Insulin levels decreased in both lean and obese AP rats, but the obese rats also showed 

hypoglycemia. In the lung IL-6 and PAP expression was significantly increased in the lungs of lean 

AP rats, but TNF and IL-10 expression was not changed. All gene transcripts were increased in the 

lungs of obese AP rats (Fig 23.). Pulmonary MPO activity increased similarly in both AP groups. 

Figure 22. Gene expression of pro- and anti-
inflammatory cytokines in pancreas. Data are 
fold differences in relation to lean control value 
(as one). � Controls � Acute pancreatitis 

Figure 23. Gene expression of pro- and anti-inflammatory cytokines in liver and lung. Data 
are fold differences in relation to lean control value (as one). � Controls � Acute pancreatitis 
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Paper V 
 
In this study, AP was induced in lean and obese (ob/ob) mice by nine hourly injections of cerulein. 

Saline-injected animals served as controls. The pancreas, liver and lung in the mice were examined 

to study the influence of obesity on organ injury and TNF, IL-6, and IL-10 expression. 

Serum amylase increased in both lean and obese AP mice compared to normal controls. The 

amylase level in obese AP mice was significantly higher than that in lean AP mice. Pancreatic 

pathomorphology, MPO activity, and cytokine expression were similarly increased between obese 

and lean AP mice.  

In the liver, TNF expression increased significantly in obese AP mice. IL-6 and IL-10 

expression increased in both AP groups.  However, the obese mice exhibited a blunted increase in 

IL-10 expression compared to the lean mice (Fig. 24). Obese 

control mice showed extensive centrolobular microvesicular 

steatosis. The obese control mice had higher ALT levels than the 

lean mice. In AP ALT levels were increased, the levels being 

higher in obese AP mice than in the lean AP mice.  In obese AP 

mice steatosis was more pronounced extending into the portal 

zone. Circulating glucose and insulin levels did not change in the 

lean AP mice. The control obese mice were hyperglycemic. 

Obese mice with acute pancreatitis had decreased glucose levels 

and raised insulin levels compared to the obese control group. 

In the lungs, TNF expression was significantly increased in 

the obese AP mice (Fig 25). Pulmonary MPO activity in obese 

AP mice was three times as strong as that seen in the lean AP 

mice, though statistically this difference was only marginally 

significant (Fig 26). UCP2 gene expression in the liver was 

significantly higher in obese AP mice compared to lean AP mice.  
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Figure 24. Gene expression of 
TNF and IL-10 in liver. Data are 
fold differences in relation to lean 
control value (as one). � Controls 
� Acute pancreatitis 

Figure 26. 
MPO activity 
in in lung.  
� Controls  
� Acute pan-
creatitis 

Figure 25. Gene 
expression of 
TNF in lung.
Data are fold 
differences in 
relation to lean 
control value (as 
one). � Controls 
�Acute pancrea-
titis 
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Discussion 
 
The discussion on the involvement of obesity in AEP will be carried out along the lines as 

illustrated in the Introduction Fig. 11.   

The impact of obesity on pancreatic pathomorphology (Paper I, II, IV, V) 
 

We did not see any detrimental influence of obesity and increased amounts of intra-abdominal fat 

on pancreatic or peri-pancreatic pathomorphology in AEP, except that in Paper I obesity induced by 

high-fat diet was associated with an increased fat-necrosis score, evident only after the high dose, 

but not the low dose, of taurocholate. We were unable to repeat this finding in our subsequent 

studies (Paper II). Also Ramo et al. did not see any negative effect on acute pancreatitis after high-

fat feeding in rats (221). However, Haig et al. reported an increase in the severity of pancreatic 

injury in necrotizing AP in dogs on a high-fat diet (222). In one human study, more fat necrosis (but 

not acinar necrosis) was observed in acute pancreatitis in obese individuals (122). The strategy that 

lean and obese rats received the same dose of taurocholate was based on the knowledge that 

pancreatic weights in those animals were not significantly different. With this strategy, all rats, 

regardless of body weight, had similar histological pathologies. Now, more local complications 

have been reported in obese humans with AP (164, 168). Since our observation of increased fat 

necrosis was dependent on the dose of taurocholate, the development of local complications could 

be a matter of the severity of the initiating insult and thus, hypothetically, pancreatitis per se may be 

more serious in obese humans. 

Another explanation is offered by our data in Paper II. Here we show that the addition of LPS 

aggravates intra-abdominal fat necrosis, a finding consistent with the observations of Pozsar et al., 

who saw that the addition of endotoxin increased the histological severity of pancreatitis (223). 

Since the initial pancreatic insult was fixed in all our LPS study groups, we can conclude that the 

systemic inflammation induced by LPS not only provokes organ dysfunction, but also has a 

deleterious impact on the development of local complications. Hypothetically, the development of 

more local complications seen in humans may also be due to SIRS, thus evolving to a vicious cycle 

increasing the severity of the disease. 

Hypertriglyceridemia has been proposed to increase the severity of pancreatic injury. When 

hypertriglyceridemia was induced using a lipoprotein lipase inhibitor, pancreatic lesions were 

intensified at the very early stage of three hours of acute pancreatitis (224). However, in our studies 

using both genetic and diet-induced obesity with hypertriglyceridemia, we did not see any evidence 

of a deleterious impact of hypertriglyceridemia on the severity of acute pancreatitis.  
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The impact of obesity on inflammation in acute pancreatitis (Paper IV and V) 
 

The obese phenotype altered cytokine expression in acute pancreatitis compared to lean AP 

animals, though obesity had no impact on gene expression in the absence of AP. In the rat study in 

Paper IV, obesity was associated with higher pancreatic TNF expression in AP, while the 

expression of IL-10 and IL-6 was attenuated. Likewise, in Paper V, a trend towards lower 

pancreatic IL-10 expression was seen in obese AP mice but there were no statistically significant 

differences in cytokine expression in the pancreas. Because immune cells are considered the main 

source of intra pancreatic cytokine expression (137, 138), the changed expression profile may 

primarily result from altered function of these immune cells. The amounts of PMNLs infiltrating the 

pancreas were the same in obese and lean AP animals and so were the amounts of acinar injury. 

Thus, a differential contribution from PMNLs or acinar cells to the pancreatic cytokines seems 

unlikely. Therefore, the most probable explanation is that the obese rats have a dysregulated 

immune cell response in taurocholate pancreatitis. This hypothesis is supported by previous studies 

in which macrophages from fa/fa rats had defective phagocytosis and cytokine expression (42, 225).  

          In the liver, the Kupffer cells are the main source of cytokine expression (90) (226), although 

hepatocytes and infiltrating PMNLs may also contribute to the organ’s cytokine expression (73, 

227). The hypothesis of hepatic cytokine production in response to the burst of mediators arriving 

through the portal vein is supported by several authors (90, 141). Accordingly, the increased 

pancreatic TNF expression in combination with attenuated levels of pancreatic IL-10 and IL-6 (228, 

229) could account for the exaggerated proinflammatory hepatic expression profile observed in the 

obese AP rats. When the proinflammatory input from the pancreas was increased in obese AP 

animals, hepatic cytokines including IL-10 were expressed at higher levels. Therefore, the similar 

gene expression of hepatic IL-10 in obese and lean AP rats in our study may well be in concordance 

with data from other studies showing a blunted hepatic IL-10 expression in obese fa/fa rats after an 

initial insult of the same magnitude (42, 228). Indeed, our data in Paper V suggest that an alteration 

in Kupffer cell function underlies the differences in gene expression in the obese liver, since 

pancreatitis and pancreatic cytokine expression were similar in lean and obese AP mice. Therefore, 

our data are largely in keeping with previous reports on Kupffer cell dysfunction in fa/fa rats and 

ob/ob mice (176, 230). Pulmonary TNF expression levels in both obese AP rats and obese AP mice 

were higher than their lean AP counterparts. In both the obese and lean AP rats, a relatively 

balanced pro- and anti-inflammatory response and similar amounts of PMNLs infiltration were 

observed, whereas lung MPO activity in mice was marginally higher in obese AP animals.   

Increased hepatic and pulmonary PAP transcripts have not been reported in acute pancreatitis. 

The blunted PAP gene expression in the obese AP rats is interesting, since the obese AP animals 
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exhibited increased TNF expression and TNF is known to up-regulate PAP expression (218). 

Conversely, attenuated levels of PAP may instead contribute to the higher hepatic TNF levels 

observed in the AP obese rats (216). Thus, PAP may be a protective factor induced in the liver in 

response to acute pancreatitis. However, Folch-Puy et al. recently showed that intravenous 

administration of PAP at doses 10 times higher than is seen in patients with severe pancreatitis 

induced TNF production in hepatocytes (but not Kupffer cells) and caused pulmonary inflammatory 

changes (227). The authors concluded that at low concentrations PAP may act as a protective 

mediator, but at higher levels it may be deleterious. Our current data support the protective role of 

PAP since TNF expression was lower in lean AP rats with high PAP expression and higher in obese 

AP rats that displayed low PAP and hepatic injury. The cellular source and role of hepatic and 

pulmonary PAP remains to be elucidated. In summary, Papers IV and V suggest that in obese 

subjects the balance between pro-and anti-inflammatory cytokines is tilted in favor of the pro-

inflammatory cytokines. This is most probably due to an immune cell dysfunction.  

The genetically obese animals in the current studies have a functional leptin deficiency in 

addition to the syndrome of obesity. Since immune cells express leptin receptors, the question is 

whether our results can be explained by this leptin deficiency. In vitro, some investigators have 

proposed that leptin has a proinflammatory role, with the ability to promote production of TNF and 

IL-6 in mononuclear cells (56, 231) and to enhance neutrophil chemotaxis and oxidant production 

(57). Others have shown instead that leptin stimulates production of the anti-inflammatory cytokine 

IL-1Ra, without concomitant production of the pro-inflammatory cytokine IL-1β (58). Some in vivo 

experiments have shown that both fa/fa rats and ob/ob mice produce less TNF and IL-6 in response 

to endotoxin (231) whereas other studies have shown decreased levels of IL-1Ra and IL10 (232). 

Konturek et al. described protective effects of leptin administration on cerulein-induced pancreatitis 

in rats (233). However, we were not able to observe any increase in pancreatic injury in our leptin 

“knockout” mice in cerulein pancreatitis. Thus, the role of leptin deficiency in acute pancreatitis 

remains unclear. Future studies with administration of leptin to ob/ob mice may elucidate the 

involvement of leptin deficiency in acute pancreatitis.  

 

The impact of obesity on extra-pancreatic organ injury and dysfunction in acute 
pancreatitis (Paper IV and V) 
 
Hepatic injury, as measured by increased serum liver enzymes, is one important prognostic 

indicator in both the Ranson and Glasgow scoring systems for pancreatitis (234, 235). Therefore, 

the significant liver injury in the obese rats (Paper IV), as shown by increased ALT and the 

histological evidence of focal steatohepatitis, is an important finding. In mice (Paper V), the obese 



 

 

 

48 

control mice exhibited increased ALT and microvesicular steatosis with portal sparing, data 

consistent with previous publications (236). ALT increased in both lean and obese AP mice, but the 

obese AP mice exhibited higher ALT levels than the lean AP mice. While no additional histological 

changes compared to controls were seen in the liver of lean AP mice, the obese AP mice showed 

extensive microvesicular steatosis. The higher liver enzymes and the histological changes in the 

obese AP mice indicated increased hepatic injury in this group. In a previous study, acute hepatic 

injury was seen in experimental pancreatitis (237), and its occurrence was related to the severity of 

the induced pancreatitis (204, 238). Since comparable pancreatic injury was seen in the lean and 

obese AP animals in our studies (Papers IV and V), the present data suggest an increase in 

hepatocyte susceptibility in obese animals. Furthermore, Inagaki et al. demonstrated that the gravity 

of hepatic injury was correlated to the accumulation of PMNLs in the liver (239). In the current 

studies, hepatic PMNL infiltration as measured by MPO activity was similar in lean and obese AP 

animals, a finding that supports our notion that the steatotic liver is more vulnerable. Previous 

studies have shown that fatty liver is more sensitive to endotoxin, ischemia/reperfusion injury, and 

hepatic resection (38, 42, 228, 240). In summary, our data add acute pancreatitis to the list of 

pathological conditions in which fatty liver suffers more than an intact liver.   

What mechanisms may be responsible for the increased hepatic injury in obesity, steatosis, 

and acute pancreatitis? Microvesicular steatosis indicates impairment of mitochondrial �-oxidation. 

This is a serious condition, even in the absence of other liver lesions, and leads to inadequate 

production of energy (ATP) in hepatocytes (241). Furthermore, up-regulation of hepatic uncoupling 

protein 2 (UCP2) may also contribute to decreased cellular ATP levels in the obese ob/ob mice 

(Paper V), since the expression of UCP2 is inversely correlated with hepatic ATP concentration 

(38). In the obese rats however, we were unable to detect any increase in hepatic UCP2 transcripts, 

which is in agreement with Hidaka et al. (30). Acute pancreatitis is associated with reduced hepatic 

energy production (242), which then would further compromise the energy supply in steatotic 

hepatocytes. In summary, increased hepatic vulnerability to AEP in obesity may be caused by 

defects in mitochondrial energy metabolism in the steatotic liver.  

TNF is known to induce hepatocellular injury (243). Therefore, the higher pancreatic and 

hepatic expression of TNF in obese AP rats may be deleterious. Indeed, inhibiting TNF expression 

has been shown to ameliorate pancreatitis-induced hepatocellular injury in rats (237). Also, the 

lower concentrations of IL-6 and IL-10 in the pancreas of obese AP rats in acute pancreatitis may 

have a negative effect because these cytokines are proposed as being hepatoprotective (228, 229). 

Likewise, in the obese AP mice, the attenuated hepatic IL-10 expression and exaggerated TNF 

response may contribute to hepatocyte injury. Finally, PAP has recently been shown to protect 
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hepatocytes from TNF-induced apoptosis (244). Therefore, increased hepatotoxic cytokines (e.g. 

TNF) and decreased hepatoprotective mediators may also underlie the increased injury of the fatty 

liver.    

In the rat experiment in Paper IV, the AP rats all had decreased serum insulin levels that are in 

concordance with previously described beta-cell dysfunction in bile salt induced pancreatitis (245). 

Fasting blood glucose remained unchanged in lean AP rats but was reduced in obese AP rats. 

Because fasting euglycemia depends on hepatic glucose output, our data indicate a hepatic 

dysfunction in the obese AP rats. Indeed, decreased basal and stimulated gluconeogenesis has been 

described in the obese fa/fa rats (246). As discussed before, energy depletion may contribute to the 

hypoglycemia observed in the obese animals during acute pancreatitis because ATP is indispensable 

for hepatic glucose production (247). In obese mice (Paper V), a similar serum glucose response 

was seen after AP. In contrast to AP rats, however, the obese AP mice showed an exaggerated 

insulin response. This may be due to hypertrophic pancreatic islets with greater insulin and 

glucagon content and to hyper-reactivity of these islets in response to secretagogues in ob/ob mice 

(194, 248, 249). However, glucagon is probably also released. Therefore, the decrease in glucose 

levels is not easily explained by just the increase in insulin levels in these insulin-resistant animals. 

Indeed, Yang et al. reported inhibition of the enzymes necessary for hepatic gluconeogenesis after 

partial hepatectomy in obese ob/ob mice. They also proposed that severe hypoglycemia contributes 

to shock and death in obese rodents after this procedure (247). In summary, the decrease in glucose 

levels in the current studies supports the hypothesis that obese animals have augmented 

pancreatitis-associated hepatocyte dysfunction. 

We used cytokine expression and pulmonary MPO activity to assess lung injury since 

infiltration of activated leukocytes is a critical characteristic of pancreatitis-associated lung injury 

(250). Pulmonary TNF expression was increased in AP in both obese rats and obese mice, as 

compared to their lean counterparts. However, PMNL infiltration was similar in lean and obese rats. 

This may be explained by the relatively balanced pulmonary cytokine response. In addition, the 

leukocyte dysfunction, as described previously in the fa/fa rat, may have hampered tissue leukocyte 

infiltration (225). However, in the cerulein model of pancreatitis, the obese AP mice exhibited 

increased pulmonary TNF expression and marginally increased lung MPO activity. Taken together, 

these data suggest that obese mice develop an augmented pancreatitis associated pulmonary injury. 
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The impact of obesity on survival rate (Paper I and II) 
          
In Paper I, we demonstrated that AP in rats with genetically-induced obesity had increased 

mortality rates without increased pancreatic injury. This suggests an increase in systemic 

susceptibility to acute pancreatitis in these rats. Since we did not see any detrimental effect of 

obesity on survival rate after a low dose of taurocholate, the impact of obesity on mortality rate is 

related to the magnitude of the primary insult. Our data imply a leftward shift of the dose-response 

curve, as hypothesized shown in Fig. 27. When the etiologic agent (e.g. taurocholate) is less, as seen 

in low doses of taurocholate, lean and obese subjects show similar susceptibilities. However, as the 

severity of the initiating trauma/insult is increased, the physiological changes associated with 

obesity participate in the onset of AP, which makes the susceptibilities in lean and obese subjects 

diverge.  

The animals fed a high-fat diet had a mortality rate that was in between the rates of the genetically 

obese and lean control rats, suggesting that the mortality rate could be related to the amount of fat in 

the animals, including hepatic and serum fat, and not to obesity-associated physiological changes.  

In Paper II, we addressed this question by inducing different degrees of obesity by high-fat 

diet. We found that both chronic and acute high-fat feeding induced significant obesity, but neither 

the amount of fat, the presence of hyperlipidemia, or the increase in intra-abdominal fat or hepatic 

fat influenced mortality rate significantly. However, a trend towards increased mortality was 

observed in the chronic obesity experiment. When survival curves were considered, the obese 

Figure 27. Illustration of the hypothetical impact of obesity on a dose-response. 
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groups had an early onset of mortality, while no animal in the lean control group succumbed before 

48 hours. Interestingly, the survival curves in the LPS dose response study and in Paper I also 

showed this survival distribution with an early (≤24 hours) and late mortality (≥48 hours). In 

addition, the main difference in mortality rate between the groups was established early. Mortality 

in human pancreatitis occurs in two phases: an early phase (within the first week) that is 

characterized by aseptic inflammation and a later septic phase (107, 251). Assuming that the rates 

of AP progression in a small rodent are at least 4 times faster than in humans (252), it is tempting to 

put forward a similar survival distribution in the experimental setting as in the human situation. 

Indeed, studies investigating survival rates show that in this model of pancreatitis, the vast majority 

of the animals that die will succumb within the first 24-30 hours, a phase characterized by early 

organ dysfunction (253, 254). Furthermore, anti-inflammatory therapy attenuates mortality mainly 

in this early phase (143, 254), whereas experimental treatment studies with antibiotics have shown a 

positive effect on long-term survival but not on the early mortality rate (255, 256). Our 

interpretation is that genetical obesity promotes the development of early organ dysfunction. In 

Paper II, the survival curves between obese and lean AP rats in the acute experiment were parallel, 

whereas as in the chronic experiment, a trend suggesting some influence of long-term obesity was 

seen. In summary, it is the metabolic and immunological changes associated with obesity, rather 

than obesity per se, that are responsible for the detrimental influence of obesity on acute 

pancreatitis.   

 

Uncoupling protein 2 in acute pancreatitis (Paper III, IV, V) 
 

UCP2 is up-regulated in adipose tissue in human obesity (43), but effects of obesity on UCP2 

expression in a specific organ have not been fully studied. UCP2 has been proposed as a protective 

factor against reactive oxygen species (36, 37), but increased UCP2 results in dissipation of the 

mitochondrial membrane potentia and production of heat instead of ATP. Up-regulation of UCP2 is 

associated with decreased ATP levels, cellular dysfunction, and promotion of oncotic (necrotic) cell 

death (38, 257). Hypothetically, increased UCP2 expression in obesity could compromise 

mitochondrial function and promote cellular dysfunction and, therefore, organ dysfunction in acute 

pancreatitis (44).  

          In Paper III, we showed that pancreatic UCP2 mRNA, which was detectable in the normal 

pancreas, increased time-dependently in the cerulein model of AEP and dose-dependently in the  

taurocholate model of AEP, and that the increase was correlated with the severity of the disease. We 

also demonstrated that pancreatic acini isolated from normal pancreas express UCP2 mRNA. In 

Papers IV and V, we assessed basal and post-pancreatitis levels of UCP2 transcripts in pancreas, 
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liver, and lung. UCP2 expression was unaffected by obesity or acute pancreatitis, except that UCP2 

expression was increased in the liver of the obese ob/ob mice. Thus, it is unlikely that UCP2 is 

involved in the systemic events of acute pancreatitis.  

UCP2 is expressed in immune cells (37), and pancreatic infiltration of these cells is a well-

known feature of AP, suggesting that increased pancreatic UCP2 expression might be attributed to 

these immune cells. However, UCP2 gene expression in the pancreas was unchanged after 12 hours 

of acute pancreatitis despite significant infiltration of immune cells. Likewise, in Papers IV and V, 

no change of UCP2 gene expression was observed in pancreas, liver or lung despite significant 

inflammatory infiltration in these organs after 12 hours of acute pancreatitis. These data suggest that 

cell types other than infiltrating immune cells contribute to the increased UCP2 transcripts. In 

addition, pancreatic beta cells also express UCP2. Zhang et al. reported that UCP2 was 

overexpressed in the islets of obese ob/ob mice (40). However, we were not able to detect any 

differences in pancreatic UCP2 expression between obese and lean mice (Paper V). If the obese 

mice did indeed have increased amounts of islet UCP2 mRNA, the increase was not appreciable in 

the whole-pancreas preparations used for the UCP2 mRNA assay in that study. Even though the 

exact cellular source of the pancreatic UCP2 in AP remains to be determined, acinar cells appear to 

be a contributor to the increase of UCP2 transcripts that is observed in the pancreas. 

In summary, up-regulation of UCP2 in the pancreas may be a protective response to oxidative 

stress. However, it will also influence cellular energy metabolism negatively and promote oncotic 

cell death. Indeed, progressive mitochondrial dysfunction with diminution of acinar ATP levels in 

cerulein-induced pancreatitis has been described (258). Because the severity of acute pancreatitis 

seems to be a function of the ratio between apoptotic and oncotic cell death (259, 260), UCP2 in 

acinar cells may, therefore, be an important modifier of the severity of acute pancreatitis.  
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Conclusions 
 
 
• Genetic, but not diet-induced obesity in rodents is associated with an increased mortality rate in 

acute experimental pancreatitis (AEP), however the negative impact of obesity is dependent on 

the severity of the primary insult.  

• Duration rather than degree of diet-induced obesity influences outcome of AEP. 

• It is the degree of systemic response, rather than the local pancreatic injury, that determines the 

impact of obesity in AEP. 

• Genetic obesity is associated with an augmented inflammatory response in AEP, which is 

indicated by the altered expression of pro- and anti-inflammatory cytokines.  

• Hepatic dysfunction/injury and lung injury associated with AEP are increased in obese animals.  

• Pancreatic uncoupling protein 2 (UCP2) expression is correlated with the gravity of pancreatic 

injury, suggesting a possible role of UCP2 as a modifier of AEP severity.  
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Future perspectives 
 

Human studies 

In order to verify and expand our animal data, we want to study acute pancreatitis in humans. 

Human studies have certain limitations since patients with acute pancreatitis are heterogeneous in 

terms of etiology and demographics and the disease process has already started when the patients 

present themselves. In order to overcome some of these problems, we will study ERCP-induced 

pancreatitis. In our department we are currently conducting a prospective study in which patient 

characteristics are determined before ERCP and then pancreatic injury and the systemic response 

are assessed after ERCP. Since a single institution study will have to little power for evaluating 

outcome variables, we plan to involve participants of the Pancreas 2000 network in order to obtain 

data from multiple centers. The aim is to identify factors responsible for the severity and outcome 

of the disease, not only in obese individuals but in all patients with acute pancreatitis.  

 

Animal studies 

To evaluate whether secondary metabolic and physiological changes associated with obesity 

underlie the negative impact of obesity on acute experimental pancreatitis (AEP), rodent obesity 

will be induced with overfeeding while metabolic changes are monitored. Subsequently, 

pancreatitis-associated inflammatory responses and organ injury will be studied in animals with 

different metabolic phenotypes. The aim is to identify obesity-related factors responsible for the 

increased severity of AEP.  The contribution of obesity and leptin defiency, respectively, will be 

addressed by short-term leptin administration in obese ob/ob mice in conjunction with AEP. 

 

In vitro studies 

In order to further investigate the role of UCP2 in pancreatitis, acinar cells and islets will be isolated 

from animals with and without acute pancreatitis to determine the cellular source of the increased 

UCP2 expression. Since endocrine dysfunction has been reported in acute pancreatitis (245) and 

UCP2 expression is inversely correlated to glucose-stimulated insulin secretion (261), we will also 

investigate UCP2 expression and insulin secretion in islets isolated from animals with and without 

acute pancreatitis. The role of acinar UCP2 will be evaluated in vitro in AR42J cells, where we 

have detected UCP2 transcripts. The influence of oxidant stress, cerulein and bile salts on UCP2 

expression will be investigated, and genetic manipulation will be used to alter UCP2 expression in a 

study of the effects of UCP2 on cell viability.  
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Summary in Swedish 
Populärvetenskaplig sammanfattning 

 
Akut bukspottkörtel-inflammation eller akut pankreatit (AP), är en inflammatorisk sjukdom i 
bukspottkörteln som förefaller öka i frekvens. Man vet att gallsten och alkohol är bakomliggande 
orsaker i majoriteten av fallen, men den exakta mekanismen om hur AP sätter igång är inte klarlagd. 
Hur sjuk man blir av AP bestäms av sjukdomens påverkan på andra organ såsom lever, lungor, 
njurar och hjärta. Denna påverkan orsakas av en (generell) inflammation som innebär att 
inflammationen sprider sig från den sjuka bukspottkörteln ut i blodet. Denna spridning orsakas av 
frisatta substanser, så kallade cytokiner, som produceras av vita blodkroppar och som svämmar ut i 
blodet och aktiverar andra vita blodkroppar. Vi har alla någon gång haft systemisk inflammation 
(eller SIRS som den kallas), när vi t.ex. varit sjuka och haft feber. Likaså sker detta vid AP och kan 
betraktas som ett normalt svar då vita blodkroppar ska kallas till den sjuka körteln. Dock går denna 
SIRS ibland överstyr och angriper då andra organ som kan sluta att fungera. Patienten kan nu 
hamna på intensiven, kanske till och med i respirator, och i värsta kan patienten dö. Dessa patienter 
har vad vi kallar svår AP (SAP). Dödligheten i SAP ligger mellan 10-25 %. Varför vissa individer 
utvecklar SAP är inte känt, men ett flertal undersökningar har visar att fetma är behäftat med en 
ökad risk att få SAP och att dö av densamma. Varför fetma ökar risken för SAP är inte känt. Fetma 
är ett allt större problem och är idag närmast att betrakta som en epidemi. För närvarande är över 40 
% av Sveriges befolkning överviktig eller fet.  
 
Syftet men denna avhandling var att undersöka hur fetma påverkar AP. Undersökningar på 
människa är svåra, dels pga. att patienterna har haft sin AP olika länge när de söker sjukvård samt 
att de utgör en blandning av olika ålder, kön, andra sjukdomar samt att orsaken till AP inte alltid är 
den samma. Detta att så många faktorer varierar gör det svårt att undersöka och dra slutsatser om en 
enskild faktor - fetma. Därför har vi valt att studera detta experimentellt på feta och smala råttor och 
möss. Antigen var de genetiskt feta eller så gjorde vi dem feta med  högfettsdiet. Sedan framkallade 
vi AP med hjälp av sedan tidigare kända metoder. Alla studierna har granskats och godkänts av 
djuretisk kommitté och alla djur har fått smärtlindring enlig lagstadgade anvisningar.    
 
I de delarbeten som ingår i avhandlingen har vi sedan studerat fetmans påverkan på 
svårighetsgraden av AP, från bukspottkörteln till organskada och överlevnad. Frågor vi ställde oss 
var:  
Påverkar fetma den lokal inflammatoriska processen i bukspottkörteln? 
Har fetma en inverkan på den systemiska inflammationen? 
Är andra organ, såsom lever och lunga, mer känsliga eller skadas de mera?  
Har även feta djur en ökad dödlighet vid AP?  
 
Sammanfattningsvis har vi visat att djur med genetisk (men inte dietorsakad) fetma har en lägre 
överlevnad trots att den lokala skadan (AP) inte är större. Detta betyder att kroppens svar på den 
lokala skadan är negativt påverkad av fetma. Vi såg också att om man är fet och får en mild AP så 
har fetman ingen betydelse, men vid svårare AP påverkar fetman utgången på ett negativt sätt. Vi 
har vidare sett att det inflammatoriska svaret på svår AP är ökat hos feta djur och att detta leder till 
leverfunktionsstörning och leverskada samt att vi hos feta möss även såg mer AP-orsakad 
lunginflammation. Dessa förändringar tror vi beror på att de vita blodkropparna hos de feta djuren 
inte fungerar på rätt sätt och att levern hos feta djur har en påverkad energiproduktion och därmed 
ökad känslighet för den inflammatoriska processen som blir följden av akut bukspott-
körtelinflammation. 
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