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INTRoDUCTIoN

The clinical challenge of acute pancreatitis

The clinical course of acute pancreatitis is difficult to predict, complications are 

potentially lethal and timing and modality of surgical intervention are of great 

influence to outcome. Clinical decision making and surgical management are 

challenged by the complex pathophysiology of local and systemic complications. 

Prevention of infectious complications during the course of acute pancreatitis 

would reduce the need for surgical intervention and mortality. However, despite 

extensive efforts to reduce the occurrence of infectious complications, currently 

applied prophylactic treatment strategies (e.g. prophylactic antibiotics) still do not 

yield significant improvement.

These challenges are a strong incentive to further experimental and clinical research 

with the aim to improve insight into the pathophysiology of acute pancreatitis 

and its complications. This will facilitate development of new prophylactic and 

(surgical) treatment strategies, aid clinical decision making, and ultimately improve 

outcome. 

Aims of this thesis are to assess current surgical challenges of acute pancreatitis, 

to gain further insight into pathophysiology and to explore the potential of 

prophylactic probiotics. Part I describes the clinical course and surgical treatment 

of patients with severe acute pancreatitis. In Part II pathophysiology, the use of 

animal models and mechanisms of infectious complications are further explored. 

Part III is focussed on the use of prophylactic multispecies probiotics to reduce 

the incidence of infectious complications and to change the course of the disease. 

Ten major questions addressed in this thesis are shown in Box 1 (Page 16).

PART I: SURGERY

Clinical course

In the majority of cases (85%), acute pancreatitis is limited to pancreatic edema and 

mild pancreatic inflammation.1,2 This mild form is usually self-limited, with excellent 

outcome (< 2% mortality).1-3 However, in 15% of the cases pancreatic inflammation 

is severe, leading to extensive tissue damage and necrosis of pancreatic tissue. In 

these cases, local pancreatic inflammation triggers a severe systemic inflammatory 

response, potentially leading to pulmonary injury or multiple organ failure.4-6 overall 

mortality in patients with severe acute pancreatitis is reported to be 10 to 40%.2,7-9

Morbidity and mortality of severe acute pancreatitis increase significantly if infection 

of pancreatic necrosis occurs. Mortality increases from 10-40% for patients with 

sterile pancreatic necrosis to 20-70% for patients with infected pancreatic necrosis 

(Chapter 2).2,10-12

Management of acute pancreatitis

Mild acute pancreatitis requires only minimal medical support measures.2,7 

Management of severe acute pancreatitis however, is much more challenging. 

Surgical intervention is indicated when infection of (peri-)pancreatic necrosis 

is suspected or proven, necrosis has been sealed off and can be completely 

removed.2,8 Surgery should be avoided during the early (pro-inflammatory) 

phase.2, 7-9 During this early phase, the immunological response to surgical trauma 

in addition to the present pro-inflammatory state results in an overwhelming pro-

inflammatory immune response that could add to fatal outcome. 

In general, three surgical treatment strategies for infected pancreatic necrosis are 

at hand: 1) laparotomy and necrosectomy followed by open management of the 

abdomen, 2) laparotomy and necrosectomy followed by continuous postoperative 

lavage or 3) minimally invasive procedures. No randomized clinical trials comparing 

these surgical strategies have been published yet. Surgical management of acute 

pancreatitis is addressed in Chapter 2.

Due to the anatomical relationship between the ascending, transverse or 

descending colon and the pancreas, activated pancreatic enzymes can spread 

to these segments of the large intestine. Activated pancreatic digestive enzymes 

cause local tissue damage potentially leading to necrosis or perforation of the 

affected colonic segment. This requires immediate surgical intervention (Chapter 3). 

Perforation of the colon causes severe bacterial peritonitis, infection of pancreatic 

necrosis and sepsis. This complication however, is relatively rare and as described 

in Parts II and III, the colon is not the only intestinal segment to play a role in the 

pathophysiology of infectious complications during severe acute pancreatitis. 

PART II: PATHoPHYSIoLoGY

Etiology of acute pancreatitis

There are several causes for injury or dysfunction of pancreatic acinar cells or 

ducts, leading to acute pancreatitis*.13 As shown in Table 1, etiology of acute 

pancreatitis can be divided into six major categories.

*	 Background	information	on	history	and	function	of	the	pancreas	is	provided	in	Box 2.	(Pages	17-20).	
 Box 3	contains	background	information	on	the	pathogenesis	of	acute	pancreatitis.	(Page	21)
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Gallstones and alcohol are the most common causes of acute pancreatitis in 

Western society, together accounting for approximately 90% of all cases.1,12,14  

Bile salts or metabolites of alcohol (fatty acid ethyl esters) both induce strong 

and sustained Ca2+ release in cytosol of acinar cells, resulting in overstimulation, 

intracellular activation of zymogens and cell injury.15-17 In gallstone patients 

however, it is unknown why some develop acute pancreatitis (annual incidence of 

acute pancreatitis in gallstone patients: 0.05 – 1.0%), whereas the majority does 

not. It has been suggested that variation in bile composition may play a major 

role in the etiology of acute pancreatitis in gallstone patients.18,19 This subject is 

explored further in Chapter 4. 

Infectious complications

Infection of pancreatic necrosis is considered the major cause of morbidity and 

mortality in patients with severe acute pancreatitis. Pancreatic infection usually 

occurs after the initial systemic inflammatory phase and can be an initiator of 

sepsis, a second bout of systemic inflammation or multiple organ failure.20-23 

Bacteria responsible for these infections originate from the intestine, being part of 

the patients resident intestinal microflora (Table 2).24-27 The migration of bacteria 

from the intestinal lumen through the mucosa and to extra-intestinal sites, such as 

the pancreas, is referred to as bacterial translocation.

Well-designed experimental studies have greatly attributed to current knowledge 

of the pathophysiology of bacterial translocation. on the other hand, despite the 

numerous animal experiments conducted, some major mechanisms of bacterial 

translocation remain unclear. The value of animal models to study bacterial 

translocation during acute pancreatitis is discussed in Chapter 5.

The exact intestinal origin and route of translocating bacteria is still unclear and 

subject of debate (Chapter 6). Not infrequently depending on personal preference, 

one of three segments of the gastro-intestinal tract is usually suggested to be the 

primary origin of translocated bacteria: 1) the proximal small bowel (duodenum, 

jejunum), 2) the distal small bowel / proximal large bowel (terminal ileum / caecum) 

or 3) the large bowel (colon). Experimental and clinical studies have identified 

important correlations between changes in the composition of intestinal microflora 

(bacterial overgrowth with potential pathogens) and extra-intestinal infectious 

complications. These changes in microflora are greatest in the small bowel, with 

several studies describing small bowel bacterial overgrowth as a key aspect of 

bacterial translocation.29, 30

Mechanisms by which luminal bacteria migrate through the intestinal wall also 

remain to be fully elucidated. In healthy subjects, the intestinal mucosal barrier 

prevents potentially pathogenic bacteria to migrate from the lumen into the “milieu 

Table 1

Category Example 

Mechanical gallstones,	trauma,	ERCP,	periampullary	neoplasms

Toxic / Metabolic alcohol,	hypercalcemia,	hypertriglyceridemia,	drugs

Vascular cardiovascular	shock,	atheroembolism,	malignant	hypertension

Infectious viruses,	mycoplasma

Hereditary / Genetic mutations	in	trypsin	or	trypsin	inhibitor	genes

Idiopathic postoperative	pancreatitis

Etiology of acute pancreatitis

Table 2 

Escherichia	coli  26 %

Pseudomonas species  16 %

Staphylococcus	aureus  15 %

Klebsiella species  10 %

Proteus species  10 %

Enterococcus	faecalis  4 %

Enterobacter species  3 %

Anaerobes  16 %

Fungi  5 -10 %

Bacteria cultured from infected pancreatic necrosis.28
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interieur” of the host. The intestinal mucosal barrier roughly consists of three 

main components: the luminal mucus layer, the enterocyte lining and the mucosal 

immune system. During acute pancreatitis, mucosal barrier function is impaired 

and bacterial translocation frequently occurs.26,31 

In patients with acute pancreatitis, the reaction of the immune system plays a key 

role in the course of the disease. In the initial (early) phase the immune system 

is “primed” into a pro-inflammatory state. In the second (late) phase, negative 

immunological feedback renders the immune system in a state of immune 

depression. In this second phase, bacteria translocating from the intestinal lumen 

have “free reign” when entering extra-intestinal sites of the vulnerable host. It is for 

this reason that infectious complications most frequently occur in the late phase of 

the disease. Throughout this thesis, the working model of bacterial translocation 

is based on the three aspects described above: 1) intestinal bacterial overgrowth, 

2) mucosal barrier failure and 3) inadequate immune response.

PART III: PRoBIoTIC PRoPHYLAxIS

Prevention of bacterial translocation

Since the intestine was suggested to be the origin of bacteria found in pancreatic 

necrosis of patients with severe acute pancreatitis, numerous experimental and 

clinical studies have been performed to reduce or prevent bacterial translocation.32-

34 Many treatment strategies have been suggested.

Prevention of intestinal bacterial overgrowth with repeated administration of oral 

and rectal antibiotics in patients admitted to intensive care units reduced the 

occurrence of infectious complications.35,36 This treatment modality however, 

has never been adopted worldwide due to the burden of the elaborate treatment 

scheme and the fear for microbial resistance (Chapter 7). 

Prophylactic systemic antibiotics have been advocated by many as the preferred 

treatment strategy for patients with severe acute pancreatitis. However, reluctance 

remained to adopt prophylactic systemic antibiotics as the treatment strategy of 

choice. This reluctance was based on the lack of proof in favor for antibiotics, 

and on concerns for the occurrence of multiple resistant microbes and their 

complications.37,38 Many international meetings and discussions in world literature 

have addressed the topic without production of irrefutable arguments for or against 

antibiotics. Recently in 2004 and in 2006, two independent, large, double blinded 

placebo controlled multicenter clinical trials both demonstrated that prophylactic 

antibiotics are not beneficial to patients with severe acute pancreatitis.24,39 

Alternatives to antibiotic prophylaxis therefore seem to be needed. Prophylactic 

multispecies probiotics may offer a promising concept.

Multispecies probiotics

Probiotics are defined as “specific live or inactivated microbial cultures that have 

documented targets in reducing the risk of human disease or in their nutritional 

management”.40 Many bacterial strains have been documented to be non-pathogenic 

to humans, and to have favorable effects to the host.41 These favorable effects of 

probiotic bacterial strains can be used to reduce bacterial translocation during severe 

acute pancreatitis. In this context, the “targets” of probiotics to prevent bacterial 

translocation should include the three major aspects of its pathogenesis described 

above: small bowel bacterial overgrowth, mucosal barrier failure and immune 

response. With this knowledge in mind, six bacterial strains have been identified 

in	 vitro to positively influence these targets: Lactobacillus	 acidophilus (W70),	

Lactobacillus	 casei (W56),	 Lactobacillus	 salivarius (W24),	 Lactococcus	 lactis 

(W58),	Bifidobacterium	bifidum	 (W23)	and Bifidobacterium	 infantis (W52). These 

strains were also selected for their capabilities to thrive in each other’s presence, 

without competition between or suppression of individual strains. The result is a 

mixture of six probiotic strains, especially designed to target the pathophysiology 

of bacterial translocation during severe acute pancreatitis: Ecologic®	641	(Winclove 

Bio Industies BV, Amsterdam, The Netherlands). In Chapters 8-10, Ecologic®	641 

was used to assess the functionality of probiotic prophylaxis during experimental 

acute pancreatitis. 
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Box 1

Major questions addressed in this thesis

1. What are the current views on surgical treatment of necrotizing acute 

pancreatitis?

2. How does the colon get involved in acute pancreatitis and how should 

this be treated?

3. What is the role of bile composition in the pathogenesis of biliary 

pancreatitis?

4. What is the role of intestinal flora in the course of acute pancreatitis?

5. How does translocation of intestinal bacteria to extra-intestinal sites take 

place?

6. Are animal models suitable tools to study bacterial translocation during 

acute pancreatitis?

7. Do prophylactic antibiotics improve outcome in acute pancreatitis?

8. Does modification of intestinal flora with multispecies probiotics improve 

outcome in experimental acute pancreatitis?

9. At which levels do probiotics exert their effects and what are their 

mechanisms of action?

10. Do prophylactic multispecies probiotics offer an alternative to prophylactic 

antibiotics in predicted severe acute pancreatitis?

Answers to these questions are summarized in Box 1 of the General discussion 

(Pages 247-249)

Box 2

The pancreas

The Greek surgeon Herophilus of Chalcedon (335-280 BC) is considered to be 

the first to describe the pancreas.42 Albeit there is debate on the subject, it is 

thought that it was not until four hundred years later that the Greek anatomist 

Ruphos of Ephesus named the pancreas after its appearance and consistency 

(pan-creas, meaning “all flesh”, or “al-vlees-klier” in Dutch).42,43

The pancreas is situated transversely across the posterior abdominal wall and 

lies in close anatomical relationship to the duodenum and the base of the 

transverse mesocolon (Figure 1).

The pancreas serves as a gland which drains its products into the digestive tract 

(exocrine function) or into the circulation (endocrine function). Recognition of 

the exocrine and endocrine function of the pancreas came with the discovery 

Anatomical topography of the pancreas. (with permission from McGraw-Hill: K.W. Warren, 

Atlas of Surgery of the Liver, Pancreas and Biliary Tract, 1991, Appleton & Lange)

Figure 1
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Pancreatic enzymes are essential for digestion of proteins (proteases: 

including trypsin, chymotrypsin, elastase and carboxypeptidase), lipids 

(lipases: including phospholipase A2) and carbohydrates (e.g. amylase). The 

enzymatic properties of proteases and lipases are harmful to pancreatic tissue 

itself. Therefore, these harmful proteases and lipases in the pancreas are 

stored and secreted in their inactive form (zymogens), not to be activated until 

they reach the duodenum. Zymogens include trypsinogen, chymotrypsinogen, 

proelastase, procarboxypeptidase and prophospholipase A2, respectively. 

Pancreatic secretion is regulated neurohormonally.47,48 Activation of acinar 

cells leads to increased cytosolic levels of Ca2+ (stored in endoplasmatic 

reticulum) or increased cytosolic cyclic adenosine monophosphate (cAMP). 

Both triggers lead to increased transport of zymogen granules to the cell apex. 

There, the granules fuse with the apical (luminal) membrane of the acinar cell, 

releasing zymogens into the acinar lumen. Secretions are then transported 

through the pancreatic ductal system to the duodenum.

Acinar cells are roughly pyramidal in shape, radially surrounding the acinar lumen (L) with the apex pointing inwards. 
The base of the cells contains the nucleus (N) and endoplasmatic reticulum (ER). The cytosol (C) is rich in zymogen 
granules, which drain their contents into the central acinar lumen. (H&E staining, 600x)

Figure 3
of pancreatic digestive enzymes in the mid 19th century and insulin in the early 

20th century, respectively.44 The dual role of the pancreas clearly reflects in its 

histological “design”; pancreatic acini form the functional units of the exocrine 

pancreas, whereas the islets of Langerhans are responsible for its endocrine 

function (Figure 2).

Exocrine function of the pancreas

The part of the pancreas with exocrine function comprises about 85% of the 

organ.45-47 Pancreatic acini can be considered individual small glands, with 

acinar cells encircling a central lumen (Figure 3). Acinar cell secretions drain 

into the central lumen, which empties via the intercalated duct, intralobular 

ducts and larger extralobular ducts into the main or accessory pancreatic duct, 

leading pancreatic secretions into the duodenum. Acinar cell secretions are 

the enzymatic component of pancreatic juice, whereas epithelial cells lining 

the pancreatic ducts produce the aqueous component. In total, the pancreas 

secretes up to 2.5 liters of fluid per day.46

Figure 2

The exocrine and endocrine function of the pancreas are clearly represented in pancreatic histology. Pancreatic acini 
form the functional units of the exocrine pancreas, whereas islets of Langerhans (one shown, upper left) are responsible 
for its endocrine function. (H&E staining, 100x)
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In the duodenum, trypsinogen is converted into active trypsin by duodenal 

brush border enzyme enteropeptidase (enterokinase). Trypsin on its turn, 

also actives trypsinogen (autoactivation), but also, very importantly, the other 

zymogens (positive feedback). 

Acinar cells contain intricate protective mechanisms to prevent premature 

intracellular activation of zymogens, which would result in digestion of the 

pancreatic tissue itself (autodigestion).49 An important protective mechanism 

is the storage of enzymes in their inactive form in zymogen granules. The 

granules have a membrane preventing leakage of zymogens/enzymes into 

the cytoplasmatic compartment of the cell. Additional protection is provided 

by the presence of trypsin inhibitor in zymogen granules. In case, for any 

reason, intracellular trypsinogen activation occurs, the activity of trypsin can 

be suppressed by trypsin inhibitor, preventing further activation of trypsinogen 

and other zymogens.

Box 3

Pathogenesis of acute pancreatitis

Physiological acinar cell stimulation (e.g. cholecystokinin) results in a short 

and self-resolving peak in cytosolar Ca2+ concentration, triggering zymogen 

production and secretion.47 If the stimulus persists or cytosolar Ca2+ can not be 

cleared, the sustained and toxic Ca2+ signal results in activation of inflammatory 

signals (e.g. NF-κB activation) and local trypsinogen activation.49

Premature activation of trypsinogen in acinar cells or pancreatic ductuli 

is considered the key event in the development of acute pancreatitis.1,50-53 

Disruption of enzyme production or secretion (e.g. sustained intracellular 

Ca2+, traumatic disruption of pancreatic ductuli, genetic causes) can cause the 

protective mechanisms discussed in Box 2 to fail and zymogens to become 

activated enzymes before they reach the duodenum. The positive feedback 

mechanisms triggered by trypsin cause additional zymogen activation within 

the pancreas. Consequently, the amount of available trypsin inhibitor becomes 

insufficient to quench the overwhelming release of activated enzymes. A 

vicious cycle of enzyme induced acinar cell death and enzyme release results 

in tissue autodigestion, (micro)vascular damage, edema, inflammation and 

necrosis, typifying severe acute pancreatitis.
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ABSTRACT

Background

The course of acute pancreatitis is unpredictable and can vary from mild to lethal. 

Mortality varies from low (<2%) in mild cases to high (20-70%) in the case of 

infected pancreatic necrosis. Surgical management has not been investigated 

in well-designed trials. Based on literature review and retrospective results from 

our institution, recent insights are summarized and recommendations concerning 

surgical treatment of acute pancreatitis are given.

Materials and methods

Data of patients who underwent necrosectomy for acute pancreatitis in our 

hospital in the period 1988–2001 were reviewed. Surgical treatment strategy was 

divided into open abdomen strategy (oAS) and primary closure with continuous 

postoperative lavage (CPL). An extensive database literature search was performed 

to obtain articles on surgical management of acute pancreatitis. Level 5 evidence 

articles were excluded. 

Results

In our institution, 38 patients were treated with oAS and 21 with CPL. Mortality 

was high (47% in the oAS group and 33% in the CPL group). The primary cause of 

mortality was multiple organ failure. only 50 manuscripts from the literature search 

contained useful data. Mortality described in literature of oAS or CPL treated 

patients was 27% and 15%, respectively. Fewer cases of gastro-intestinal fistulas, 

bleeding and re-interventions were reported with CPL. The majority of all survivors 

regained a good quality of life. 

Conclusions

Mortality of acute necrotizing pancreatitis remains high, despite optimal surgical 

and medical treatment. Current surgical practice is not based on well-designed 

clinical trails. Randomized studies are needed to define evidence based surgery 

in acute necrotizing pancreatitis.

INTRoDUCTIoN

Acute pancreatitis is an acute inflammation of the pancreas and/or the peripancreatic 

tissue. The incidence of acute pancreatitis in a certain area is dependent on the 

incidence of gallstones and alcohol abuse, the two most common causes (90%) of 

acute pancreatitis.1 The incidence of acute pancreatitis in The Netherlands is 

estimated to be 16/100,000 in 1995.2 

The disease is unpredictable in its course and can vary from very mild with full 

recovery to fulminant and lethal. The mild form of acute pancreatitis is a self-

limiting disease with a low mortality (<2%).3,4 The severest form of the disease, 

necrotizing pancreatitis, still caries a high mortality rate of 10-40%. Mortality is 

highest in patients with infected necrosis (20-70%).4-12

Surgical intervention is indicated when infection of pancreatic necrosis is suspected 

or proven by fine needle aspiration (FNA) or when (peri-)pancreatic air collections 

are detected on contrast-enhanced computed tomography (CT).6 

Management of acute pancreatitis varies greatly between doctors and institutions. 

Recently, several working groups have published national or international 

guidelines.13-16 Recommendations were the result of a thorough literature review of 

the many diagnostic and therapeutic aspects of the disease and publications were 

scored for level of evidence. Most of the evidence for these guidelines originated 

from uncontrolled trials, descriptive series and expert opinion. The wide difference 

of opinion between doctors and institutions regarding the management of acute 

pancreatitis, combined with low prevalence of the severe form of the disease per 

institution, may explain the limited number of well-controlled trials on the many 

aspects of the management of acute pancreatitis. only a limited number of issues, 

such as ERCP in acute biliary pancreatitis and antibiotic prophylaxis in predicted 

severe pancreatitis, have been investigated in controlled trials.17-25 Surgical 

treatment however, is underexposed in most guidelines, mainly because of the 

lack of well-designed trials.16 Surgical treatment can be divided into three main 

strategies: laparotomy and necrosectomy followed by open abdomen strategy 

(oAS) or continuous postoperative lavage (CPL) and necrosectomy by minimal 

invasive procedures (MIP).4,11,26-31 

In this article the institution results from 1988 to 2001 are put into perspective with 

the results of a structured literature search.



Chapter 2

32

Surgical management

33

METHoDS

The UMC Utrecht experience

The medical records of all patients who underwent necrosectomy for acute 

necrotizing pancreatitis between 1988 and 2001 were reviewed. Acute necrotizing 

pancreatitis was diagnosed in patients presenting with acute abdominal pain and 

a serum amylase greater than 1000 U/L. The severity of the attack was noted using 

the simplified acute physiology (SAP) and Ranson scores.32-34 In patients presenting 

with predicted severe pancreatitis (Ranson ≥ 3) contrast-enhanced CT scans 

were done 3–5 days after admission to detect pancreatic necrosis. Indications 

for surgical intervention were: progressive sepsis despite maximum conservative 

management, with mechanical ventilation and cardiovascular support, infection of 

(peri-)pancreatic necrosis proven by FNA or air collections adjacent to or in the 

pancreas on CT scan. The goal of the operation was to remove necrotic tissue and 

to achieve adequate drainage of the necrotic area. During this 13-year period oAS 

was the surgical treatment of choice until 1995, when CPL as described by Beger, 

was introduced in our institution.35

Open abdomen strategy

The abdomen was inspected and blunt debridement of necrotic tissue was 

performed. The peritoneal cavity was washed with normal saline and the abdomen 

was left open. The wound was covered according to the ‘sandwich technique’.26,36 

Suction tubes were positioned for permanent superficial drainage. The wound 

was covered by protective materials and a mesh was interposed between the 

edges of the fascia. A transparent watertight drape (opsite) was applied, forming 

a watertight seal. The abdomen was reopened every 1-3 days until all necrosis 

and/or infected material was removed. All re-operations were performed at the 

surgical intensive care unit (ICU).

Continuous postoperative lavage

The abdomen was inspected and blunt debridement of necrotic tissue was 

performed. Two double-lumen drainage tubes were inserted through separate 

incisions with their tips in the lesser sac and necrotic cavities. The abdomen was 

closed afterwards. Local lavage, gradually increasing from 4 - 20 litres per 24 

hours, was performed postoperatively. 

Literature search

A literature search was performed (see Box 1 for search strategy) with the following 

databases being searched: National Library of Medicine (Medline), Cochrane 

Database of Systematic Reviews (CDSR), Database of Abstracts on Reviews 

and Effectiveness (DARE), Cochrane Controlled Trial Register (CCTR), Current 

Controlled Trials (CCT) ClinicalTrials.gov, NHS Economic Evaluation Database 

(NHS-EED), Health Technology Assessment Database (HTA), International Society 

of Technology Assessment in Health Care Database (ISTAHC). 

Level of evidence was divided into 1a, 1b, 2, 3, 4, 5 (Table 1). Level 5 evidence was 

excluded. The manuscripts were scanned for useful data of surgical strategies in 

acute necrotizing pancreatitis (ANP). Surgical techniques were classified as oAS or 

planned re-operation or primary closure with CPL. Minimal invasive necrosectomy 

techniques were defined as open or endoscopic retroperitoneal approaches other 

than percutaneous, radiological drainage procedures. Anecdotal information, case 

reports and all manuscripts other than in the English or the German language were 

classified as not useful. 

Primary outcome parameters were mortality and morbidity (pancreatic fistulas, 

gastrointestinal fistulas, colonic necrosis, haemorrhage, abdominal wall defects, 

re-interventions and length of stay on the ICU). Secondary outcome parameters 

were quality of life and cost effectiveness. 

Table 1

Level Method

1a Meta-analysis of randomized clinical trials

1b At least one randomized clinical trial

2 Cohort study

3 Case-control study

4 Descriptive case series

5 Expert opinion

Levels of evidence
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RESULTS

The UMC Utrecht experience

In total 59 patients were treated surgically for ANP, from this group 43 patients 

were referred from other hospitals. From 1988-2001, 38 patients were treated with 

oAS and from 1995-2001 in 21 patients CPL was installed after necrosectomy 

(Table 2). Aetiology of acute pancreatitis was comparable in both groups; biliary 

in 36%, alcohol in 19%, idiopathic in 31% and other in 15% of all patients. In the 

oAS group, the major local complications were bleeding (n = 18), fistula formation  

(n = 7) and large abdominal wall defects postoperatively (n = 10). In the CPL 

group these complications occurred less frequently, bleeding (n = 2) and fistula  

(n = 3), although in four patients CPL had to be converted to oAS because of 

clinical deterioration, three of these patients died. overall mortality was high in both 

groups (47% and 33% respectively). The primary cause of mortality was persistent 

multiple organ failure despite maximal surgical and antimicrobial therapy and ICU 

supportive measures.

Literature search

A total of 128 manuscripts were retrieved, 50 of which contained data describing 

one or more outcome parameters. Most manuscripts that were classified as not 

useful were rejected for not describing any of the outcome parameters for surgical 

procedures in acute necrotizing pancreatitis.

Primary outcome parameters

There were no manuscripts with levels of evidence 1a, b, 2 or 3, with the exception 

of a level 1b study by Mier et	 al.37 This study investigated early versus late 

necrosectomy by randomized comparison. There are no manuscripts comparing 

oAS, CPL or MIP in a randomized trial.

Open	 abdomen	 strategy.	 Sixteen manuscripts provided mortality rates for  

oAS.26, 37–51 All articles yielded level 4 evidence (descriptive series). A total of 522 

patients with ANP were treated with an open technique. Mortality was 27% (141/522). 

Morbidity consisted of pancreatic fistulas in 21% (36/171), gastrointestinal fistulas 

in 20% (56/282), colonic necrosis in 18% (26/147), bleeding in 21% (46/219) and 

abdominal wall defects in 34% (31/91). A re-intervention was needed in 66% of the 

patients (38/58), and the mean length of stay on the ICU was 29 days (n	= 136).

Continuous	postoperative	 lavage.	Eleven manuscripts provided mortality rates for 

CPL.6,28,35,39,41,46,52– 56 All articles yielded level 4 evidence (descriptive series). A total 

of 775 patients with ANP was treated with CPL. The mortality was 15% (116/775). 

Pancreatic fistulas were seen in 35% (200/572) and gastrointestinal fistulas in 

8% (44/545). Colonic necrosis was present in 2% (3/142). Clinically significant 

haemorrhage was reported in 9% (41/454). Abdominal wall defects were not 

mentioned. More than one procedure was needed in 35% of the patients (200/572). 

The mean length of stay on the ICU was 24 days (n	= 498). 

Minimal	 invasive	 procedures.	 Two MIPs are described: necrosectomy through 

an open retroperitoneal approach through right, left or bilateral lumbar incisions 

and endoscopic necrosectomy.30,31,47,57,57–60	  Six manuscripts describing an open 

retroperitoneal approach were found, all with level 4 evidence.30,57,57–60 A total of 101 

patients were described. Mortality was 27% (27/101). Pancreatic fistulas were seen in 

4% (2/55), gastrointestinal fistulas in 22% (20/93) and colonic necrosis in 7% (4/60). 

Clinically significant haemorrhage occurred in 19% (15/78). Abdominal wall defects 

were reported in 13% (10/75). Re-intervention was needed in 63% of the patients 

(29/46). The mean length of stay on the ICU was 34 days (n	= 15). only two articles 

were found describing an endoscopic necrosectomy in 30 patients.31,47 Mortality was 

13%(4/30). Pancreatic fistulas occurred in 13% (4/30) and gastrointestinal fistulas 

in 5% (1/20). Clinically significant haemorrhage was seen in 7% (2/30). Incisional 

hernia of the small lumbar incision was seen in 10% (2/20). Most patients needed 

more than one intervention with a mean number of 4. An overview of the mortality 

and the morbidity of the different techniques is shown in Table 3. 

Table 2

OAS CPL

n  38  21

Mean age, years  52  56

Ranson at admission, mean  5.0  4.3

SAP score at admission, mean  8.5  6.5

SAP score at time of surgery, mean  10.4  12.0

Patient characteristics of 59 patients with acute necrotizing pancreatitis treated surgically for infected (peri-)pancreatic 
necrosis. oAS: open abdomen strategy; CPL: continuous postoperative lavage; SAP: simplified acute physiology.
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Secondary outcome parameters 

only four studies (all level 4 evidence) have reported on quality of life after 

surgical treatment for ANP: three studies on oAS, one on CPL.14,42,61,62 There are 

no comparative studies. All authors agree that the majority of survivors regain a 

good quality of life after surgery despite the high morbidity. Studies on the cost 

effectiveness of surgical treatment for ANP are scarce. only one cost effectiveness 

study has been published, two other studies report the in-hospital costs.62 one 

recent review was found.63 In general, the cost of management of these patients 

is high (approximately €90,000 for survivors and €150,000 for non-survivors).42 

ICU costs account for 20-30% and oR for 5-20%.42,62 A cost-utility analysis has 

shown a mean benefit of 8.55 quality-adjusted life years (QALY) at a cost of £2157 

(1993; estimated £8000 in 2002).62 There are no studies comparing oAS and CPL 

or MIP.

DISCUSSIoN

Initial management of acute pancreatitis consists of identifying predicted mild 

and severe forms of the disease using scoring systems such as Ranson or Imrie 

criteria, within 48 hours after admission and APACHE II or SAP scores at a later 

stage. Mild acute pancreatitis is a self limiting disease requiring clinical monitoring 

and relatively simple supportive measures. Management of acute pancreatitis 

becomes more complex in its severest form (more than 2 Imrie or Ranson criteria) 

or when necrosis is suspected. Management of acute necrotizing pancreatitis is 

still the subject of lively debate. Acute necrotizing pancreatitis is associated with 

28% mortality.64,65 When (peri)-pancreatic necrosis becomes infected, mortality 

rates increase to 20-70%.3-12,66 Mier et	al. have clearly shown that early surgery in 

severe acute pancreatitis (within 2 weeks) should be avoided.37 Surgery is only 

indicated when (peri-)pancreatic infection is proven by FNA or by (peri-)pancreatic 

air-collections on CT or in case of persisting clinical deterioration despite maximal 

support on the ICU.16 An evidence-based choice of surgical strategy is currently 

not at hand due to lack of randomized trials. It is more likely that this choice is 

based on the surgeon’s experience, education and personal insights. 

In The Netherlands, most surgeons prefer an oAS, probably because this has 

been the strategy of choice in most hospitals.67 Recently, however, CPL has been 

introduced in several teaching hospitals such as ours. The reason that CPL was 

introduced was the excellent results of CPL published by Beger and others.29,35,68 

Beger’s strategy of CPL showed a mortality of 8.4% in relatively large series (95 

patients).35 our institution results of CPL were not as good as those reported by 

Beger. 

The majority of our patients was referred from other hospitals for further treatment 

for clinical deterioration despite optimal conservative treatment. This probably 

explains the relatively high mortality of 33% in this group. Furthermore, mortality 

in patients with oAS in and CPL was comparable. The most important difference 

between oAS and CPL is the higher morbidity with an oAS (Table 4). The high 

mortality rate in our institution probably reflected severity of disease in our 

patients. 

In our experience, no important difference in mortality between oAS and CPL was 

observed. The number of relaparotomies and complications however, was lower 

in the CPL group (2 versus 14). The CPL procedure is also less complex, resulting 

in a lower workload on the ICU and operating theatre. 

Table 3

OAS CPL OR ER

No. of studies 16 11 5 2

No. of patients 552 775 101 30

Mortality 27  (n = 552) 15  (n = 775) 27  (n = 101) 13  (n = 30)

Pancreatic fistulas 21  (n = 171) 35  (n = 572) 22  (n = 93) 5  (n = 20)

Gastrointestinal fistulas 20  (n = 282) 8  (n = 545) 22  (n = 93) 5  (n = 20)

Colonic necrosis 18  (n = 147) 2  (n = 142) 7  (n = 60) NM

Haemorrhage 21  (n = 219) 9  (n = 454) 19  (n = 78) 7  (n = 30)

Herniation 34 (n = 91) NM 13  (n = 75) 10  (n = 20)

Re-intervention 66 (n = 58) 35  (n = 572) 63  (n = 46) NM

ICU stay (days) 29 (n = 136) 24  (n = 498) 34  (n = 15) NM

Systematic review of surgical strategies for infected (peri-)pancreatic necrosis in acute necrotizing pancreatitis. Values 
represent percentages unless mentioned differently. The numbers of patients over which the percentage was calculated is 
mentioned in parentheses. oAS: open abdomen strategy; CPL: continuous postoperative lavage; oR: open 
retroperitoneal approach; ER: endoscopic retroperitoneal approach; NM: not mentioned.
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The data of the UMC Utrecht were analysed retrospectively. The results concerning 

mortality (oAS and CPL) and morbidity (mainly oAS) were unsatisfactory. In 

search for the optimal strategy, different national and international guidelines 

were consulted but no compelling advice was found. A systematic review of the 

literature was therefore initiated in search for support for the impression that CPL 

is as effective as oAS but with lower morbidity. This review yielded only level 

4 evidence, i.e. no level 1, 2 or 3 evidence. Table 3 summarizes the results of 

this review. In total, 552 patients were included in the oAS group and 775 in the 

CPL group from 16 and 11 manuscripts, respectively. It should be stated that a 

considerable overlap in number of patients is possible, since several groups have 

published their experience more than once. Furthermore, the number of groups 

that have published large series (>50) is limited (oAS: n = 4; CPL: n = 3). Data 

from the manuscripts with respect to the outcome measures for this review were 

incomplete. In most articles, outcome measures were poorly defined. Most series 

mentioned only mortality, while morbidity may be of equal importance since 

morbidity largely influences hospital stay, quality of life and cost. Selection bias is 

certain to influence results of all surgical strategies. It is likely that several series 

overlap (publication bias). Thus, the actual number of patients must be lower, 

which may have substantial consequences for outcome. This is important, since 

oAS and CPL may not differ significantly in terms of mortality but more so in terms 

of morbidity. Table 4 illustrates this thought, since gastrointestinal fistulas and 

abdominal wall defects are common in oAS (21% and 26%, respectively) and 

less seen in CPL (14% gastrointestinal fistulas and no abdominal wall defects). 

This observation is in accordance with data from the literature (Table 3). Also the 

number of patients that need one or more re-interventions is much higher for oAS 

(66%) and MIP (63%) than for CPL (35%). Again, it should be stated that these 

observed differences may be unreliable because all data were retrospectively 

analysed allowing selection bias and publication bias. Prospective collected data 

from centres with less experience are seldom published. It is our impression that 

only favourable results find their way to publication.

As for MIPs, it should be stressed that only a few centres have published 

limited numbers of patients. The open retroperitoneal approach seems to have 

equal mortality and morbidity to oAS (Table 3). The endoscopic retroperitoneal 

approach is advocated with great enthusiasm, but only 2 manuscripts describing 

30 patients have currently been published. It is therefore premature to believe that 

the endoscopic approach can be as effective as oAS or CPL. MIP may be of value 

but probably only in a select subgroup.16 

In conclusion, literature data are insufficient to outline evidence-based surgery 

in acute necrotizing pancreatitis. Randomized trials are difficult to conduct, but 

desperately needed. Awaiting these studies, laparotomy and necrosectomy 

followed by oAS or CPL should be regarded as methods of choice for surgical 

treatment of infected (peri-)pancreatic necrosis in acute necrotizing pancreatitis. 

Table 4

OAS CPL

n 38 21

Relaparotomies, mean (n) 14  (3 - 70) 2  (0 - 3)

Bleeding 16  (42%) 2  (10%)

Fistula 8  (21%) 3  (14%)

Large abdominal wall defects 10  (26%) 0

Mortality 18  (47%) 7  (33%)

ICU stay (days) 36 35

Hospital stay (days) 65 73

outcome in 59 patients with acute necrotizing pancreatitis treated surgically for infected (peri-)pancreatic necrosis. oAS: 
open abdomen strategy; CPL: continuous postoperative lavage.

Box 1

Search strategy

The following PubMed queries were used in the earlier mentioned databases: Pancreatitis, Acute 

Necrotizing [MESH] AND Systematic[sb]; Pancreatitis, Acute Necrotizing [MESH] AND (meta-analysis 

[pt] oR meta-anal* [tw] oR metaanal* [tw] oR (quantitative* review* [tw] oR quantitative* 

overview*;tw]) oR (systematic* review* [tw] oR systematic* overview* [tw]) oR (methodologic* 

review* [tw] oR methodologic* overview* [tw]) oR (review [pt] AND medline [tw]); Pancreatitis, Acute 

Necrotizing [MESH] AND (randomized controlled trial [pt] oR random* [tw]); Pancreatitis, Acute 

Necrotizing [MESH] AND (“prognosis” [mh:noexp] oR “survival analysis” [mh:noexp]).
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ABSTRACT

Background 

Diagnosis of colonic pathology complicating acute pancreatitis is difficult. Several 

pathogenetic mechanisms have been proposed. The treatment of choice is 

resection of the affected segment. Current theories on diagnosis, pathogenesis, 

and treatment were reviewed. 

Methods 

Retrospectively, 16 patients with severe acute pancreatitis and colonic 

complications (1988-2001) were included. Preoperative CT scans and specimens of 

removed colonic segments were reviewed by a blinded radiologist and pathologist 

respectively. 

Results

Sixteen patients underwent partial colectomy for suspected imminent or overt 

perforation, based on the outer aspect of the colon. Four patients had a macroscopic 

perforation during surgery. Retroperitoneal spread of the necrotizing process to 

the colon was seen in all 10 reviewed CT scans. All 14 microscopically examined 

specimens showed fat necrosis and pericolitis. of these, 4 had ischemia and 6 

showed subserosal hemorrhage. Eight specimens had intact mucosa, submucosa 

and smooth muscle layers. Eleven patients died. Secondary anastomosis in 

surviving patients did not induce further mortality. 

Conclusion 

Spread of pancreatic enzymes and necrosis is the major cause for colonic pathology 

in acute pancreatitis. outside inspection of the colon during surgery is unreliable to 

detect ischemia or imminent perforation. To prevent colonic complications during 

follow-up, low-threshold colonic resection seems justified.

INTRoDUCTIoN

Colonic pathology - necrosis, perforation - complicating acute pancreatitis is 

known to be associated with high mortality.1,2 This colonic involvement is estimated 

to occur in 1% of all patients with acute pancreatitis 3,4 and in 6-40% in those with 

the severe necrotizing form.1,5-8 

The diagnosis of colonic pathology complicating acute pancreatitis is difficult 

unless manifest perforation or colonic hemorrhage occur.6,8,9,10 Several pathogenetic 

mechanisms have been proposed. The leading theory suggests direct spread of 

pancreatic enzymes through the retroperitoneum to the mesocolon as the cause 

of pericolitis. A second theory suggests that thrombosis or compression of one of 

the mesenteric arteries causes ischemic necrosis of the colon. A third hypothesis 

is that hypotension due to septic shock leads to a ‘low flow state’ causing ischemia 

of the colon at the junction of the middle and left colic artery blood supply. other 

possible causes for colonic complications are diffuse intravascular coagulation 

and pressure-necrosis of the colon (e.g. by a surgical drain).1,4-6,10-12 The treatment 

of choice is resection of the involved segment of the colon with construction of a 

(temporary) colostomy.5, 9, 11

This study presents a series of 16 patients, reviewed to evaluate current theories 

on pathogenesis, diagnosis and surgical treatment of colonic involvement in 

severe acute pancreatitis. 

PATIENTS AND METHoDS

Medical files of all patients admitted to our hospital with acute pancreatitis 

between 1988 and 2001 were reviewed. For grading of the severity of the disease 

the serum amylase level, the Ranson score (at admission), APACHE II and the 

Simplified Acute Physiology (SAP) score were used.13,14,15 Patients with severe 

acute pancreatitis (amylase >1,000 U/l, Ranson score at admission ≥ 3, and SAP 

score at admission ≥ 8) were identified and considered at risk for a complicated 

course of their disease. 

If surgery was indicated, two operative techniques were applied. From 1988 to 2001 

necrosectomy and open management of the abdomen was applied and from 1995 

on, continuous postoperative bursal lavage (CPL) after necrosectomy according 

to Beger was the preferred treatment strategy.16,17 Partial or subtotal colectomy 

was performed if perforation of the colon was present or deemed imminent due 

to necrosis or ischemia, judged intraoperatively by the outer aspect of the colon. 
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Patients with severe acute pancreatitis who underwent partial or subtotal colectomy 

for suspected or documented colonic complications were identified and included 

in this study.

The specimens of the removed colonic segments still available were reviewed by 

a gastrointestinal pathologist (M.E.I.S.), who was blinded for clinical details and 

treatment outcome. The histopathology was subdivided into three subgroups of 

findings according to the suggested pathophysiological mechanisms of colonic 

perforation: pericolitis and fat necrosis only, transmural colonic ischemia or 

necrosis, and localized perforation of the otherwise normal colonic wall. 

Computed tomography (CT) scans were reviewed by an expert radiologist 

(M.S.v.L.), who was blinded for the clinical details of the severity of pancreatitis 

and for results of previous radiological investigations or interventions. CT scans 

were reviewed with emphasis on intra- and extrapancreatic necrosis, including the 

route of spread of necrosis and how the colon potentially became involved.2

RESULTS

Clinical aspects

In total 220 patients were admitted to our hospital with acute pancreatitis, 107 of 

whom were diagnosed to have the severe form. of these patients, 59 were treated 

surgically for infection of (peri)pancreatic necrosis or progressive sepsis despite 

optimal conservative treatment. Partial or subtotal colectomy was performed in 16 

patients (16/107, 15%). Eight patients were female; 8 were male. The mean age 

was 51 years (range 29–74). There was no significant difference in age between 

both sexes. In 7 patients, 6 female and 1 male, acute pancreatitis was caused by 

gallstone disease, in 4 by excessive alcohol consumption and in 5 patients the 

cause of the disease was unknown. The mean Ranson score within 48 hours of 

admission (not necessarily the onset of disease), the APACHE II score and the 

SAP score (range) were 5 (3-8), 14 (5-21) and 12 (5-18), respectively.

Outcome

In the surgically treated group mortality was 42%. All 16 patients who underwent 

subtotal or partial colectomy had multiple organ failure (MoF), defined by failure 

of three or more organ systems.18 Eleven patients died after a median hospital 

stay of 41 days (range 3-83). of the 5 surviving patients, the mean total hospital 

stay was 148 days (range 114-159) and the mean total surgical intensive care unit 

(SICU) stay was 68 days (range 48-112). In 4 surviving patients, the continuity of 

the gastrointestinal tract was restored, all without further complications. 

Radiological aspects

CT scans of 10 of the 16 patients made prior to surgical treatment were reviewed. of 

5 patients CT scans could not be reviewed; no preoperative CT scan was made in 3 

cases, the interval between the CT scan and the colectomy was too long in 1 case 

(21 days) and the CT scan could not be retrieved in the remaining 2. The median 

interval between CT scan and colectomy was 5 days (range 0-14). Pancreatic 

necrosis was identified in the CT scans of 9 patients. Eight of these scans showed 

spread of (peri-)pancreatic necrosis through different retroperitoneal spaces and 

fusion planes, including the left and right Toldt’s fascia, the pancreaticoduodenal 

space and the transverse mesocolon.19 Extension of necrosis towards the 

transverse colon and the splenic flexure was seen most frequently. The ninth CT 

scan showed necrotizing pancreatitis and intramural gas collections in the colon 

and small gas collections in the liver, possibly due to septic embolisms (Figure 1). 

The tenth scan showed edematous pancreatitis with retroperitoneal spread of fluid 

towards the splenic flexure of the colon. Perforation of the colon was seen twice. 

Detailed radiological characteristics are listed in Table 1.

CT scan showing small gas collections in the wall of the transverse colon indicating colonic necrosis (arrows).

Figure 1
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Surgical aspects

In the 59 surgically treated patients, open management of the abdomen was applied 

in 38 patients. From 1995 on, 21 patients were treated with CPL. In 15 patients 

who did not undergo partial or subtotal colectomy, extensive retroperitoneal 

necrosis was seen intra-operatively, originating from the (peri)pancreatic tissue. 

In 2 patients, minimal fat necrosis of the transverse mesocolon was also present. 

Three of these 15 patients died due to MoF.

Sixteen patients underwent subtotal or partial colectomy. Complications of the 

colon were obvious prior to surgical exploration in 2 patients: once because of 

a manifest colocutaneous fistula and once because an intraperitoneal drain was 

producing fecal material. Intraoperatively, a necrotic outer aspect of one or more 

colonic segments was found in these two and all other patients. In 3 patients who 

had a partial or subtotal colectomy, obvious retroperitoneal fluid collections were 

found during surgery. Thrombosis of the ileocolic artery was seen intraoperatively 

once, later confirmed on pathological examination. Macroscopic perforation 

was found 4 times. Perforation occurred twice proximal to an earlier constructed 

colostomy, once due to erosion of the colon by a drain placed in the lesser sac and 

once surgical manipulation of the colon caused perforation. Reconstruction of the 

intestinal continuity was performed at a later stage in 4 patients without inducing 

further mortality. The fifth surviving patient refused further surgical treatment. 

Details of surgical treatment are listed in Table 2. 

Pathological aspects

of the 18 resected colonic segments, 14 specimens were examined by the patholo-

gist. Four segments were not examined; this included two right hemicolectomy 

specimens with macroscopic perforation proximal to a colostomy and specimens of 

2 patients of whom no specimens were available for histological examination. 

Table 1

Total number of CT scans reviewed 10

Pancreatic necrosis
- Head
- Body
- Tail
- None, oedema

n
5
7
2
1

Retroperitoneal spread
- Right fascia of Toldt
- Left fascia of Toldt
- Transverse mesocolon
- Pancreaticoduodenal space
- Minimal signs

3
3
7
7
2

Affected colonic segment
- Ascending
- Hepatic flexure
- Transverse
- Splenic flexure
- Descending

4
2
7
7
4

Findings on preoperative CT scans in 10 patients with acute pancreatitis.

Table 2

Treatment strategy
- open management of the abdomen
- CPL → oMA
- Laparotomies only

n
10

4
2

Affected colonic segment
- Ascending
- Hepatic flexure
- Transverse
- Splenic flexure
- Descending

8
9

11
9
8

Aspect of colonic segment
- Pericolitis/ fat necrosis / necrosis
- Macroscopic perforation
- Fistula
- Retroperitoneal fluid collections

16
4
2
3

Colonic resection
- Right hemicolectomy
- Transversectomy
- Left hemicolectomy
- Subtotal colectomy

7
1
5
5

Surgical strategy in 16 patients diagnosed as severe acute pancreatitis. oMA: open 
management of the abdomen, CPL: continuous postoperative lavage.
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All 14 specimens showed sequelae of retroperitoneal spread of the pancreatic 

necrotizing process, causing necrosis of the pericolic fat and the mesocolon. In 

8 specimens, the colonic mucosa, submucosa and smooth muscle layers were 

not affected (Figure 2). In these cases there was only pericolitis and fat necrosis 

with associated (sub)serosal hemorrhage in four specimens. Local or extensive 

transmural necrosis was present in four and in the other two specimens there 

was venous thrombosis and edema with associated ischemic changes of the 

colonic wall. Colonic perforation was present in two specimens. A summary of 

the pathological findings and the suggested pathogenetic mechanism is listed in 

Table 3.

Correlation between radiological findings, surgery and pathology

of 9 patients the radiological, surgical and pathological findings could be 

compared. of the remaining 7 patients the CT scans or pathology specimens were 

not available. Findings concerning location and the presence of retroperitoneal 

fluid correlated in 6 cases. In 3 cases the findings did not correlate. In 2 patients 

radiological examination showed retroperitoneal spread of fluid to the mesocolon 

without signs of arterial thrombosis. Histopathology, however, also showed 

transmural ischemia and infarction, indicating a vascular etiology. In the third 

patient, a perforation was found during surgical exploration in a colonic segment, 

which was not noted to be affected at examination of the CT scan. It seems 

that radiological examination can demonstrate the presence of retroperitoneal 

spread of the necrotizing process and identify the colonic segments affected. 

In the absence of perforation or intramural gas, however, no solid indication for 

colonic resection could be made preoperatively. When comparing the surgical 

and pathological findings, outside inspection of the colon is apparently unreliable 

to differentiate between pericolitis with fat necrosis and transmural necrosis with 

imminent perforation.

Microscopic section of the transverse colon. The subserosal fatty tissue shows an inflammatory infiltrate around local fat  
necrosis. The mucus membrane, submucosa and muscle layers display no histopathologic abnormalities. MP: muscularis 
propria; L: lumen; S: serosa; *: fat necrosis.

Figure 2

Table 3

Pathology
- pericolitis and fat necrosis only
- transmural ischemia
- perforation

8
4
4*

Additional findings
- subserosal hemorrhage 
- adenoma
- diverticula

6
1
1

Suggested pathogenesis
- retroperitoneal spread
- arterial occlusion
- venous obstruction
- low flow state 
- iatrogenic

All
3
2
2
1

Resection of segment
- justified
- unnecessary

8*
8

Findings on histological examination in 14 colonic segments removed from 16 
patients with severe acute pancreatitis.* Two macroscopic perforations not reviewed 
by pathologist included.
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DISCUSSIoN

Colonic involvement in severe acute pancreatitis is described in the literature in 

6–40% of the cases. The incidence in this series of 15% (16 of 107) is comparable 

to the data from the literature.1,5-8 With 16 patients included, this study belongs to 

one of the largest series published. 

Several pathogenetic mechanisms of colonic pathology complicating acute 

pancreatitis have been described. In the majority of the reviewed CT scans, 

retroperitoneal spread of the necrotizing process towards the colon was seen. 

Spread of pancreatic fluid and (peri-)pancreatic inflammatory tissue through the 

retroperitoneum and the two layers of the mesocolon affects the colonic wall 

from the outside in.5,12  This was recognized histopathologically in all the samples 

examined. The radiological, surgical and pathological findings in this study suggest 

this pathogenetic mechanism as a major cause of fat necrosis and (peri)colonic 

pathology. 

The diagnosis of colonic pathology in severe acute pancreatitis and the final 

decision to resect the affected part of the colon remains difficult. Several clinical 

and radiological signs have been suggested to indicate colonic pathology in 

acute pancreatitis. Rectal blood loss and colocutaneous fistula are obvious, but 

usually late signs.9,10,12,20 The colon-cut-off sign and colonic (pseudo-) obstruction 

on abdominal contrast x-ray have been described 4,9,10, but abdominal computed 

tomography has higher diagnostic value. 21 But still, CT scanning and ultrasound 

remain nonspecific for identifying colonic complications.10 More invasive diagnostic 

tools such as colonoscopy or visceral arteriography may be valuable, but present 

considerable risks and therefore seem inappropriate.9,11,19

The mucosa and smooth muscle layers of eight colonic resection specimens in 

this series were intact on pathological examination. In the series published by 

Borie et	al.22,23, histologically examined samples suggested that colonic resection 

was unnecessary in 6 of 17 patients. Aldridge et	al.5 concluded that 2 of 10 patients 

may have undergone unnecessary colonic resection. This confirms that outside 

inspection of the colon is unreliable to discern transmural ischemia and necrosis 

from pericolitis and fat necrosis only.1,11 To conclude whether these colonic 

resections could have been prevented, the role of preoperative imaging was 

evaluated by reviewing the CT scans and these CT findings were compared with 

findings on histopathology. only in case of extraluminal or intramural gas, strongly 

suggesting perforation or septic emboli in the colonic wall, preoperative CT scans 

can indicate the need for surgical exploration and partial colonic resection. If only 

retroperitoneal spread of the necrotizing process towards the colon is visible on 

CT, the segment of the colon that might be affected can be identified, but no 

further statement regarding the condition of this segment can be made.

In such cases, the definitive diagnosis and the decision about resection of the 

segment involved, have to be made intraoperatively. Some authors state that 

if only pericolitis and fat necrosis are identified, conservative treatment may 

be successful.5,6,21 But differentiating between pericolitis only and necrosis 

extending through the colonic wall is difficult. Transmural pathology with imminent 

perforation might therefore be overlooked. Since the colonic wall is affected 

from outside to inside, pericolitis might be a precursor of transmural pathology. 

Diversion of the small bowel, leaving the colon in situ for later reconstruction has 

been suggested.23 But if successfully treated conservatively, pericolitis may cause 

secondary complications such as stenosis or fistula during follow-up.5,6,10,24 Like 

other authors, we conclude that the only way to prevent further complications and 

frank perforation, is low threshold resection of segments with a necrotic aspect 

during surgery.5,9,11

Several series have been published with mortality rates of 40% and higher.1,5,6,8,11 

In this study, all patients were identified to have severe acute pancreatitis, with 

poor prognosis already on admission. The majority of the patients were referred 

from other hospitals for further treatment because of clinical deterioration despite 

optimal conservative treatment. It is unclear whether the severe disease with poor 

prognosis or the colonic pathology represent the reason for the high mortality in 

this study. The surgical treatment applied does not seem to increase long-term 

morbidity or mortality. In four of the five surviving patients, the gastrointestinal 

continuity was restored successfully at a later stage. 

In summary, spread of pancreatic enzymes and necrosis through the retroperitoneal 

spaces and fusion planes seems a major threat to the colonic wall. This might 

lead to transmural necrosis and perforation, or late stenosis during follow-up. 

The described pathology of the colon in acute pancreatitis is not very rare and 

is associated with high mortality. A low threshold resection strategy is a method 

to treat this potentially dangerous complication, preventing complications during 

follow up. Morbidity of this treatment strategy is acceptable and therefore seems 

justified.
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ABSTRACT

Background

The role of bile composition in the pathogenesis of biliary pancreatitis is unknown. 

The objective of this experiment was to explore the potential role of bile salts, 

phospholipids, and cholesterol crystals in the pathogenesis of biliary pancreatitis 

in a rat model.

Materials and methods

Model systems composed of taurodeoxycholate (TDC), mixed bile salts (MBS), 

or tauroursodeoxycholate (TUDC) (in 10mM phosphate-buffered saline (PBS), pH 

7.4), with or without cholesterol crystals or phosphatidylcholine, were infused into 

bile ducts of male Sprague-Dawley rats. Twenty-four hours later, samples were 

taken for histopathological scoring of (peri-)pancreatic inflammation.

Results

Severity of acute pancreatitis depended on bile salt hydrophobicity (TDC > MBS 

>> TUDC = PBS; histopathologic scores: 25.6 ± 0.5, 23.0 ± 1.5, 14.4 ± 2.2, 14.8 

± 1.0, respectively; P < 0.001), with corresponding differences in serum lipase 

concentration.

Phosphatidylcholine protected against detrimental effects of TDC at physiological, 

but not at low concentrations (scores: 19.5 ± 2.3 vs.	 28.3 ± 1.9 in case of 

phosphatidylcholine/(TDC + Phosphatidylcholine) ratios 0.25 or 0.05, respectively). 

Cholesterol crystals increased severity of pancreatitis in model systems containing 

TDC or MBS, but not TUDC or PBS (33.2 ± 0.4, 29.6 ± 1.2, 18.6 ± 1.5, 18.5 ± 2.2, 

respectively; P < 0.001).

Conclusions

In the rat model, hydrophobic bile salts and cholesterol crystals aggravate biliary 

pancreatitis, whereas phospholipids have a protective effect.

INTRoDUCTIoN

Acute pancreatitis a severe disease with considerable morbidity and mortality 

(±10%), and gallstone disease is the major cause.1,2 Annual incidence of acute 

pancreatitis in gallstone patients varies between 0.05% and 1%.3,4 According to 

the data from the National Information System on Hospital Care, the incidence of 

acute pancreatitis in The Netherlands has increased by 30% in the period 1985 

- 1995. Although controversial, reflux of bile into the pancreatic duct may be an 

essential step in the pathogenesis of acute biliary pancreatitis.5,6 Major constituents 

of human bile are bile salts, phospholipids, and cholesterol. Refluxed bile salts 

may exert cytotoxic effects on pancreatic cells, depending on concentration and 

hydrophobicity; varying from nontoxic (hydrophilic bile salts) to severely toxic 

(hydrophobic bile salts).7,8 Furthermore, excess cholesterol crystals seem to be 

associated with risk of pancreatitis.9 In up to 70% of patients with acute “idiopathic” 

pancreatitis, cholesterol crystals have been found by polarizing light microscopy 

of bile obtained during endoscopic retrograde cholangiopancreatography or 

aspirated bile.1,2 Cholesterol crystals might cause a functional obstruction at the 

sphincter of oddi by inducing papillitis, spasm, or stenosis.10 Potential factors 

promoting cholesterol crystallization in the aqueous phase are high cholesterol 

saturation index, hydrophobic bile salts and pronucleating biliary proteins. 

Also, patients with low amounts of biliary phospholipids exhibit fast crystallization 

due to deficient capacity of solubilizing vesicles (“low phospholipid-associated 

cholelithiasis”).11 This patient category is at high risk for recurrence of biliary 

pain and gallstones after cholecystectomy, and possibly for acute pancreatitis.11 

Missense mutations in the multidrug resistance protein 3 gene, encoding for a 

phospholipid flippase in the hepatocyte canalicular membrane, are thought to 

be the underlying defect.11,12 Phospholipids protect against detergent effects of 

hydrophobic bile salts. The underlying mechanism for this protective effect is 

as follows: in case of cholesterol supersaturation, micellar phospholipids and 

cholesterol are in dynamic equilibrium with vesicles (i.e. spherical cholesterol-

phospholipid bilayers). In addition to mixed bile salt-phospholipid micelles, simple 

bile salt micelles and bile salts monomers occur in bile. These so-called intermixed 

micellar-vesicular (non-phospholipid associated) bile salts are thought to be 

responsible for detergent effects and cytotoxicity.13-15 Phospholipids decrease 

cytotoxic intermixed micellar-vesicular bile salt concentrations, with increased 

mixed micellar solubilization. 
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If biliary reflux into the pancreatic duct and cholesterol crystals are important 

factors in the pathogenesis of pancreatitis, bile composition could determine 

incidence and severity of the disease. Hence, in the current study we explore 

the potential role of bile salts, phospholipids, and cholesterol crystals in acute 

pancreatitis by infusing various model biles of (patho)physiological relevance into 

the biliopancreatic duct of rats.

MATERIALS AND METHoDS

Chemicals

Taurocholate, glycocholate, taurochenodeoxycholate, glycochenodeoxycholate, 

taurodeoxycholate (TDC), glycodeoxycholate (GDC), and tauroursodeoxycholate 

(TUDC) were obtained from Sigma Chemical (St. Louis, Mo, USA) and yielded 

a single spot upon thin-layer chromatography (butanol-acetic acid-water, 10:1:1 

vol/vol/vol, application of 200 µg bile salt). Cholesterol (Sigma) was ≥98% pure by 

reverse-phase HPLC (isopropanol-acetonitrile 1:1, vol/vol, detection at 210 nm). 

Phosphatidylcholine from egg yolk (Sigma) yielded a single spot upon thin-layer 

chromatography (chloroform-methanol-water, 65:25:4 vol/vol/vol, application of 

200 µg lipid). As shown by reverse-phase HPLC, egg yolk phosphatidylcholine 

contained mainly 16:0 acyl chains at the sn-1 position and mainly unsaturated (18:1 

> 18:2 > 20:4) acyl chains at the sn-2 position, similar to phosphatidylcholine in 

human bile.16 All other chemicals and solvents were of American Chemical Society 

or reagent-grade quality. 

A commercially available colorimetric kit was used for measurement of cholesterol 

contents (Boehringer, Mannheim, Germany).17 Phospholipid concentrations were 

assayed by determining inorganic phosphate.18 Total bile salt concentrations were 

enzymatically measured by the 3a-hydroxysteroid dehydrogenase method.19

Preparation of model biles

Model biles were prepared as described previously.20,21 Lipid mixtures containing 

variable proportions of cholesterol, phosphatidylcholine (both from stock 

solutions in chloroform), and bile salts (from stock solutions in methanol) were 

vortex-mixed and dried at 45°C under a mild stream of nitrogen and subsequently 

lyophilized during 24 hours, before being dissolved in phosphate-buffered saline 

(PBS; [Po4-3] = 10 mM, pH 7.4). Tubes were sealed with Teflon-lined screw caps 

under a blanket of nitrogen to prevent lipid oxidation and vortex-mixed for 5 

minutes followed by incubation at 37°C in the dark. Final molar percentages of 

bile salts, phosphatidylcholine, and cholesterol did not differ more than 1% from 

the intended molar percentages. To address the role of bile salt hydrophobicity, 

model biles containing bile salts of increasing hydrophobicity were used: PBS 

(10 mM, pH 7.4), TUDC, MBS resembling physiological bile, or TDC. The MBS 

model bile consisted of glycocholate (27.2%), glycochenodeoxycholate (24.8%), 

glycodeoxycholate (18.7%), taurocholate (13.4%), taurochenodeoxycholate 

(10.5%), and TDC (5.2%). Total bile salt concentration was 15 mM in all model 

biles. The effects of cholesterol crystals were investigated by adding crystals to 

model biles with varying hydrophobicity. Finally, to assess the protective effect 

of phospholipids, low and physiological concentrations of phosphatidylcholine 

were added to the most cytotoxic model bile containing TDC. Composition and 

hydrophobicity index of model biles are shown in Table 1.

Table 1

Model bile Hydrophobicity 
index

Bile salt 
[mM]

(PC/BS+PC) Chol cry 
[mM]

N

PBS  0 - - - 6

PBS  0 - - 1.8 8

TUDC - 0.47 15 - - 5

TUDC - 0.47 15 - 1.8 8

MBS + 0.35 15 - - 5

MBS + 0.35 15 - 1.8 5

TDC + 0.59 15 - - 5

TDC + 0.59 15 - 1.8 5

TDC + 0.59 15 0.25 - 6

TDC + 0.59 15 0.05 - 6

Model bile compositions and number of rats included. PC: phosphatidylcholine; BS: bile salts; Chol cry: cholesterol 
crystal concentration; PBS: phosphate buffered solution; TUDC: tauroursodeoxycholate; MBS: mixed bile salts; TDC: 
taurodeoxycholate; N: number of rats. MBS model bile consisted of: GC (27.2%), GCDC (24.8%), GDC (18.7%), TC 
(13.4%), TCDC (10.5%) and TDC (5.2%).
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Preparation of crystal-containing model biles

Cholesterol crystals were isolated from model biles composed of taurocholate 

(phosphatidylcholine/(bile salt + phosphatidylcholine) ratio: 0.05, 7.3 g/dL, 8 

mol% cholesterol) after 10 days incubation at 37°C in the dark. Briefly, cholesterol 

crystals were harvested by centrifugation during 10 minutes at 3000 rpm. 

The supernatant was removed, and the crystals were washed twice with PBS. 

Microscopic examination mainly revealed cholesterol monohydrate crystals and 

some anhydrous crystals as arcs, needles, and tubules.22 After washing, model 

bile systems were added, resulting in a final cholesterol crystal concentration of 

1.8 mM (Table 1).

Animals

Male specific pathogen-free Sprague-Dawley rats, 250-350 g (Harlan, Horst, The 

Netherlands), were used. Throughout the experiment, the rats had free access to 

water and food (RMH 1110, Hope Farms, Woerden, The Netherlands). Housing 

conditions were kept constant: temperature (22°C), humidity (60%), and a 12-hour 

light/dark cycle. Rats were allowed to adjust to these conditions for 1 week before 

surgery. The experimental protocol was approved by the institutional animal care 

committee of the University Medical Center, Utrecht.

Surgical procedures

Surgical procedures (model bile infusion, collection of pancreas and blood samples) 

were performed under general anesthesia using a combination of a neuroleptic-

analgesic drug (Hypnorm: fentanyl 0.315 mg/mL and fluanisone 10mg/mL sc; 

Janssen-Cilag B.V., Tilburg, The Netherlands) and a sedative drug (Dormicum: 

midazolam 5 mg/kg sc; Roche, Woerden, The Netherlands). All procedures were 

done with sterile instruments under strict aseptic conditions.

Infusion of model biles

Model biles were infused into the biliopancreatic duct as described previously.23 

During midline laparotomy, a proximal cannula was inserted into the common bile 

duct toward the liver, diverting bile during the procedure. A distal common bile duct 

cannula was inserted toward the pancreas and connected to an infusion system. 

Before infusion, the biliopancreatic duct was clamped proximally to the papilla of 

Vater (Figure 1A). The designated model bile (0.5 mL), colored with methylene 

blue, was infused through the distal bile duct cannula into the biliopancreatic duct 

for 10 minutes (0.5 mL, 3 mL/h) using an infusion pump. Infusion pressures did 

not exceed 30 mm Hg, excluding major pressure-related pancreatic injury. Total 

pancreatic perfusion of methylene blue-colored model biles was confirmed in all 

rats using the operation microscope. 

Directly after infusion, bile flow from the liver to the duodenum was restored by 

removing the clamp from the distal common bile duct and connecting the proximal 

and distal cannulas (Figure 1B). All rats recovered within 2 hours of the operation 

without any mortality.

Organ and fluid samples

Exactly 24 hours after bile infusion, rats were anesthetized to allow collection of 

blood from the inferior vena cava and pancreatic tissue samples. Lipase levels in 

collected serum were measured using standard biochemical techniques (Vitros 950 

Dry Chemistry System, ortho Clinical Diagnostics, Rochester, NY, USA). Samples 

of the pancreatic head and tail were fixed in buffered formaldehyde solution (4%). 

After fixation, all pancreatic tissue samples were embedded in paraffin, sliced  

Schematic representation of the bile reflux model with bidirectional cannulation of the common bile duct. The duodenum is held 
aside with a cotton wool stick (*), pv: portal vein. A. Bile is diverted through the proximal cannula (arrows, P). Model bile infusion 
(arrowheads) through the distal cannula (D) and clamping of the distal biliopancreatic duct causes reflux of the infusate into the 
pancreatic ductuli. B. Bile flow from the liver to the duodenum is restored by a connector (C) and removal of the clamp. 

Figure 1
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(6 µm), and stained with hematoxylin and eosin. Pancreatic pathology was 

evaluated in random order by 1 investigator (L.P.v.M.) blinded for the type of model 

bile infused into the pancreas. Severity of acute pancreatitis was assessed using 

a scoring system modified from Schmidt et	al. 24 (Table 2).

Statistical analysis

Results are presented as mean ± SEM of 5 – 8 rats (Table 1). Histopathology 

severity scores and serum lipase levels of multiple groups were analyzed using 

one-way ANoVA. In case of significance, results were further analyzed using 

Fischer least significant difference post hoc tests. For comparison of 2 groups, 

unpaired t tests were used. Pearson correlation coefficients were computed for 

linear correlation analyses. Statistical significance was defined as two-tailed 

probability <0.05.

RESULTS

Pancreatic perfusion

Average pressures during model bile infusion were all below 30 mm Hg and 

equal between groups. Macroscopically, complete methylene blue perfusion of 

pancreatic head, body, and tail was evident during infusion in all rats. Edematous 

or hemorrhagic changes of the pancreatic tissue were already observed during 

perfusion with hydrophobic model biles (i.e. TDC, MBS). Macroscopically, a greater 

effect was observed in the pancreatic head. Indeed, subsequent microscopical 

examination revealed more prominent histopathologic changes in the pancreatic 

head than in the pancreatic tail. A similar but much less prominent gradient was 

observed in pancreata perfused with PBS or TUDC.

Effects of bile salt hydrophobicity

Infusion with PBS or the hydrophilic bile salt TUDC only caused minor changes 

to pancreatic tissue, characterized by edema or acinar dilatation in some cases 

(Figure 2A).The resulting pancreatic histopathology scores for PBS or TUDC were 

14.8 ±1.0 and 14.4 ± 2.2, respectively (Figure 3). on the other hand, infusion with 

hydrophobic model biles (TDC and MBS) resulted in severe necrotizing pancreatitis. 

Histopathologic changes were characterized by extensive inflammatory infiltrate 

(neutrophilic leukocytes), hemorrhagic changes, and acinar cell necrosis  

(Figure 2B). Also, histopathology scores were significantly higher compared with 

Table 2

Item Description Score

Peripancreatic No pathology 0

Fat inflammation / mild peritonitis 1

Fat necrosis / peritonitis 2

Edema None 0

Interlobular expansion 1

Interacinar expansion 2

Ducti / ductuli No pathology 0

Inflammation 1

Inflammatory infiltrate None 0

1 - 10 intralobular or perivascular leukocytes / HPF 1

11 - 20 intralobular or perivascular leukocytes / HPF 2

21 - 30 intralobular or perivascular leukocytes / HPF 3

> 30 intralobular or perivascular leukocytes / HPF 4

Acinar cell pathology None 0

Focal cytoplasmatic changes 1

Extensive cytoplasmatic changes 2

Degeneration with nuclear changes 3

Focal necrosis 4

Extensive necrosis 5

Acinar dilatation None 0

Focal 1

Extensive 2

Hemorrhagic changes None 0

Focal interlobular erythrocytes 1

Extensive interlobular erythrocytes 2

Focal parenchymal erythrocytes 3

Extensive parenchymal erythrocytes 4

TOTAL SCORE Score head + score tail

Histopathologic scoring criteria (pancreatic head and tail). HPF: high power field (400x). Modified from Schmidt et	al.24
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PBS (25.6 ± 0.5, 23.0 ± 1.5, respectively, vs. 14.8 ± 1.0 for PBS, P < 0.001; 

Figures 2 and 3). Similar effects of bile salt hydrophobicity were also evident 

in serum lipase levels (P < 0.05; Figure 4). Serum lipase levels correlated with 

cumulated histopathologic scores (r = 0.43, P < 0.05).

Effect of Cholesterol crystals

Addition of cholesterol crystals to model biles containing hydrophobic bile salts 

(MBS or TDC) resulted in increased severity of acute biliary pancreatitis (MBS vs. 

MBS + crystals: 29% increase, P < 0.01; TDC vs. TDC + crystals: 30% increase, 

P < 0.001; Figures 2 and 3). In contrast, when cholesterol crystals were added 

to model biles containing hydrophilic bile salts (TUDC) or control buffer (PBS), 

cumulative histopathologic scores did not significantly change (Figure 3). 

Nevertheless, addition of cholesterol crystals to PBS resulted in increased 

cumulative histopathology scores of the pancreatic head (P < 0.05), but not of 

the pancreatic tail. For all experiments together, infusion of model biles containing 

cholesterol crystals led to significantly higher scores for hemorrhagic changes in 

the pancreatic head than model biles without crystals (P < 0.001). other individual 

items of the histopathology score did not significantly differ between model biles 

with or without cholesterol crystals. Also, addition of cholesterol crystals did not 

significantly affect serum lipase levels (results not shown).

Microscopic histology of the pancreas, 24 hrs after infusion with designated model biles (H&E staining, magnification: 100x).
A. Normal pancreatic tissue after infusion with phosphate buffered solution (PBS) iL: islet of Langerhans, B. Extensive necrosis 
(*) after infusion with taurodeoxycholate (TDC), C. Extensive necrosis (*) and hemorrhage (h) after infusion with TDC containing 
cholesterol crystals, D. Edema (ed), but absent necrosis after infusion with TDC containing physiological amounts of phosphati-
dylcholine (PC). 
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Effect of phospholipids

Phosphatidylcholine protected against the detrimental effects of hydrophobic 

TDC at physiologic ratios (PC/(TDC + PC)= 0.25), reducing the cumulative 

histopathologic score from 25.6 ± 0.5 to 19.5 ± 2.3 (P< 0.05). Low PC ratios (PC/

(BS + PC)= 0.05), however, did not reduce severity of acute pancreatitis induced 

by infusion of TDC. Accordingly, serum lipase levels were reduced by addition of 

physiological amounts of phosphatidylcholine to hydrophobic model biles (TDC 

vs.	TDC + PC: 1428 ± 264 U/L vs. 608 ± 151, P < 0.05), but not by addition of low 

amounts of phosphatidylcholine (TDC vs. TDC + low-PC: 1428 ± 264 vs. 1122 ± 

194, P = ns).

DISCUSSIoN

The most important findings of the present study: (1) the severity of pancreatitis 

correlates with the hydrophobicity of infused bile salts; (2) cholesterol crystals 

increase; and (3) phospholipids reduce severity of pancreatitis. The precise 

mechanism by which biliary reflux could induce pancreatitis remains a topic of 

debate. Both pressure and chemical effects of reflux have been suggested to 

play a major role in the pathogenesis of biliary pancreatitis.25-29 In both pathways, 

destruction of the pancreatic duct mucosal barrier is the key event, followed by 

pancreatic edema, autolysis, reduction of pancreatic blood flow, and in severe 

cases, destruction of pancreatic parenchyma and formation of pancreatic 

necrosis.30 In the current study, pressures during infusion were all below 30 mm 

Hg and equal between various model bile groups. Also, complete methylene blue 

perfusion of pancreatic head, body, and tail was macroscopically evident during 

infusion in all rats. Therefore, the pronounced effects of hydrophobic bile salt 

composition or cholesterol crystals in the current study can be attributed to the 

composition of the infusates. 

The markedly higher histopathology scores after infusion of MBS or TDC as 

compared with PBS or TUDC are in line with recent  in	 vitro data: hydrophobic 

bile salts can cause acinar cell death and acute pancreatitis by impairment of 

Ca2+ signaling in pancreatic acinar cells and activation of inflammatory-associated 

signals.31 Also, beneficial effects of TUDC in our study are in agreement with clinical 

observations: ursodeoxycholic acid has been proven to prevent recurrence of 

biliary pancreatitis in gallstone patients.2,32,33 The cytotoxic properties of bile salts 

have been shown for hepatocytes, erythrocytes, and mucosa of various organs, 

including stomach, intestine, and gallbladder.13,34-41 Principally, hydrophobic bile 

salts as TDC exert cytotoxicity, whereas hydrophilic bile salts as TUDC may protect 

against damage by hydrophobic bile salts.35,42 Cholesterol crystals have been 

suggested to cause “irritation” of the papilla of Vater, causing temporary functional 

obstruction.10,43-45 Furthermore, cholesterol crystals may be the cause of pancreatitis 

in a significant proportion of patients with “idiopathic” acute pancreatitis.2 

In the present study, acute pancreatitis caused by hydrophobic model bile infusion 

was further aggravated by cholesterol crystals. Interestingly, a significant increase 

in pancreatic head hemorrhagic changes occurred after infusion of crystal-

containing model biles. When biliary reflux into the pancreas occurs, cholesterol 

crystals may cause structural damage to the pancreatic head ductuli, rendering 
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the parenchyma more susceptible to hydrophobic bile salts. In the present study, 

severity scores of acute pancreatitis caused by hydrophobic model biles and 

serum lipase levels were both reduced by the presence of physiologic but not 

low amounts of phospholipids. Patients with the recently described syndrome 

of “low phospholipid-associated cholelithiasis” exhibit fast crystallization due to 

deficient capacity of solubilizing vesicles.11 Phospholipid deficiency is thought 

to be caused by missense mutations in the multidrug resistance protein 3 gene, 

encoding for a phospholipid flippase in the hepatocyte canalicular membrane.12 

This patient category is at high risk for recurrence of biliary pain and gallstones 

after cholecystectomy, and possibly for acute pancreatitis.46 Relative phospholipid 

deficiency could be also theoretically caused by high biliary phospholipase A2 

activity. 

In summary, our results demonstrate that bile salt hydrophobicity and presence 

of cholesterol crystals can cause or aggravate biliary pancreatitis, and biliary 

phospholipids have a protective effect. Bile composition might therefore be an 

important factor in the pathogenesis of biliary pancreatitis, and modulation of bile 

abnormalities in symptomatic gallstone patients could therefore diminish risk of 

biliary pancreatitis.
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ABSTRACT

Infection of pancreatic necrosis with intestinal flora is accepted to be a main 

predictor of outcome during severe acute pancreatitis. Bacterial translocation 

is the process whereby luminal bacteria migrate to extra-intestinal sites. Animal 

models have been proven indispensable in detecting three major aspects of 

bacterial translocation: small bowel bacterial overgrowth, mucosal barrier failure 

and disturbed immune responses. 

Despite the progress made in the knowledge of bacterial translocation, the exact 

mechanism, origin and route of bacteria, as well as the optimal prophylactic and 

treatment strategies remain unclear. Methodological restrictions of animal models 

are likely to be the cause of this uncertainty. 

A literature review of animal models used to study bacterial translocation during 

acute pancreatitis demonstrates that many experimental techniques per se interfere 

with intestinal flora, mucosal barrier function or immune response. Interference 

with these major aspects of bacterial translocation complicates interpretation of 

study results. This paper addresses these and other issues of animal models most 

frequently used to study bacterial translocation during acute pancreatitis.

INTRoDUCTIoN

Experimental models of acute pancreatitis exist for almost 150 years, with Claude 

Bernard first describing experimental pancreatitis by injection of bile and olive oil 

into the pancreatic duct of a rabbit.1 Ever since, animal experiments have been 

indispensable in providing insight in pathophysiology and treatment of acute 

pancreatitis. Experimental studies have major advantages over clinical studies, 

such as the availability of study subjects, standardization of disease severity, 

ability to perform invasive tests, extensive tissue sampling and the possibility to 

test prophylactic treatment strategies.2 Despite these advantages, some major 

aspects of the pathophysiology of acute pancreatitis remain unclear, mortality 

in severe acute pancreatitis is still as high as 10-40%, and optimal treatment 

strategies remain a topic of debate.3,4

In 1986 Beger et	al. demonstrated a link between the intestinal flora, infection of 

pancreatic necrosis and clinical outcome in patients with severe acute pancreatitis.5 

At the present time, infection of pancreatic necrosis is still regarded to be a main 

predictor of outcome during severe acute pancreatitis, and bacterial translocation 

of intestinal flora is considered to be the cause.4

Changes in intestinal motility and the associated shift of intestinal flora, mucosal 

barrier function and the immune system have been identified as pivotal aspects 

of bacterial translocation during acute pancreatitis.6-11 This has greatly increased 

understanding of bacterial translocation, but better insight into the exact 

mechanism of bacterial translocation and subsequent infection of pancreatic 

necrosis is needed to develop adequate prophylaxis and treatment strategies for 

patients with severe acute pancreatitis.

A multitude of animal models and experimental techniques have been used to 

study the mechanism of bacterial translocation, including radiolabeling, plasmid 

labeled bacteria or fluorescent beads.12-15 Despite all these efforts however, the 

exact origin, route and mechanism of bacterial translocation causing infection of 

pancreatic necrosis are still unclear. The main reason for this uncertainty is the 

lack of an “ideal” animal model of acute pancreatitis to study pathophysiology 

of bacterial translocation and its treatment. The ideal model should be minimally 

invasive, standardized, reproducible and resemble etiology, pathophysiology, 

disease course and outcome of clinical acute pancreatitis, including response to 

treatment.2 Experimental models used to study bacterial translocation in acute 

pancreatitis and its treatment all seem to have methodological restrictions that 



Chapter 5

88

Animal models to study bacterial translocation

89

complicate the interpretation of study results. In 2000, Foitzik et	al. reviewed the 

use of animal models of acute pancreatitis, and their suitability for evaluating 

therapy and concluded that animal models should be designed to mimic etiology 

and clinical course of human pancreatitis to increase their value.2 In addition, we 

would like to discuss the value animals studies and experimental models of acute 

pancreatitis in face of their interference with one or more of the known aspects of 

bacterial translocation: intestinal motility and flora, mucosal barrier function or the 

immune system. 

The aim of this paper is to to provide useful insights into the use of animal models 

to study bacterial translocation during acute pancreatitis, in the light of current 

knowledge of pathophysiology. 

ANIMAL SPECIES AND HoUSING CoNDITIoNS

Before the late 1970’s, larger laboratory animals such as dogs were predominantly 

used to study acute pancreatitis. But since the introduction of models of acute 

pancreatitis in small laboratory animals, mice or rats are generally favored for 

financial, ethical or practical reasons. Due to physiological and anatomical 

differences between species, choice of laboratory animal has important implications 

on the study results and extrapolation to the human situation. 

Intestinal flora differs between animal species, largely depending on dietary 

demands, anatomical differences of the gastro-intestinal tract and habits.16-18 The 

protein-rich diet of dogs or cats results in lower counts of endogenous lactobacilli 

and higher counts of potential pathogens such (e.g. clostridia species), compared 

to rats or mice with fibre rich diets. Coprophagy, demonstrated by most rodents, 

also influences intestinal flora, resulting in higher counts of gram-negative bacteria 

in the proximal gastro-intestinal tract.19,20 Also, rats and mice are often bread 

and kept under specific pathogen free conditions, introducing modifications of 

intestinal flora.

Intestinal barrier function also differs between species. In an experiment comparing 

small intestinal permeability between humans and rats, significant interspecies 

variation in urinary recovery of orally delivered mannitol was observed.21 

Anatomical differences between species should also be considered. The relative 

size of the jejunum, ileum, caecum and colon of different laboratory animals can 

influence origin and route of bacterial translocation during acute pancreatitis. 

In humans, retroperitoneal connections between the intestines and pancreas 

can greatly affect the clinical course of the disease.22 Similarly to humans, the 

dog pancreas is situated retroperitoneally. Rat and mouse pancreata however, 

are almost fully enveloped by peritoneum, resembling a more intraperitoneal 

localization. Variation in retroperitoneal connections between intestines and the 

pancreas offers different routes for bacteria to translocate without being exposed 

to intraperitoneal immune cells.23 

Experiments using small animals (e.g. mouse or rat) usually incorporate a larger 

number of animals compared to experiments with large laboratory animals (e.g. 

cat or dog). Use of a larger number of small laboratory animals improves statistical 

power of an experiment. on the other hand, use of larger animals could resemble 

human pathophysiology better, but a smaller number of animals means lower 

statistical power and increased potential false negative or false positive results.

MoDELS oF ACUTE PANCREATITIS

An abundance of animal models of acute pancreatitis have been used to investigate 

bacterial translocation. only models most frequently used for this purpose will be 

discussed. Baseline characteristics of the discussed models and their potential 

effects on intestinal flora, mucosal barrier and immune function are summarized 

in Tables 1 and 2.

Duodenal loop

Closing the duodenal lumen proximally and distally to the papilla of Vater results in 

reflux of the duodenal contents enclosed in the loop, including bile and pancreatic 

secretions, into the biliopancreatic duct.24 In rats, this leads to acute pancreatitis 

of varying severity.25 Discontinuation of the gastro-intestinal tract leads to mucosal 

atrophy and functional changes to the mucosal barrier.26 Furthermore, obstruction 

of bile flow into the intestine has been shown to reduce intestinal motility, causing 

small bowel bacterial overgrowth and increased bacterial translocation.27-29 

Another major downside is the occurrence of reflux of duodenal contents, including 

bacteria, into the biliopancreatic duct. These obvious drawbacks of this model 

in experiments concerning bacterial translocation are the cause of its limited 

popularity.

Ethionine supplemented choline deficiency 

Lombardi et	 al. described severe acute pancreatitis in young female mice 
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after feeding a choline deficient, ethionine supplemented (CDE) diet.30,31 Acute 

hemorrhagic pancreatitis ensues, as well as diffuse intraperitoneal fat necrosis 

and several systemic effects such as acidosis, hypoxia and hypovolemia. In this 

model, mortality ranges from 0 to 100 % after 4 days and can be controlled by 

varying the duration of the choline deficient diet.32 To ensure homogeneity and 

reproducibility, sex, age and weight of the mice have to be closely matched, as 

well as equal food intake of all animals.32 

Apart from these practical downsides of the model, systemic complications 

unrelated to pancreatitis (e.g. parotitis and fatty liver disease) render the model 

less useful for investigating systemic events (e.g. immune response) of acute 

pancreatitis.31 Little is known of the effect of ethionine suppletion or choline 

deficiency on intestinal flora or mucosal barrier function. But, the most important 

drawback of this model to study bacterial translocation is the low incidence of 

pancreatic infection (3-8%), even in severe necrotizing pancreatitis.33

Biliopancreatic duct ligation

In the duct ligation model, the common biliopancreatic duct is surgically clipped or 

tied at the sphincter of oddi complex. Resulting obstruction of pancreatic secretions 

and potential biliary reflux into the pancreatic duct produces mild pancreatitis, 

characterized by edema, moderate inflammation and hemorrhage, fat necrosis, 

and minimal acinar cell necrosis. only in the American opossum biliopancreatic 

duct ligation leads to severe acute pancreatitis with considerable necrosis.34-37 

This model of acute pancreatitis greatly interferes with the pathophysiology of 

bacterial translocation. obstruction of bile flow into the intestine causes small bowel 

bacterial overgrowth and bacterial translocation.28 Also, exclusion of pancreatic 

proteases in the gut lumen alters intestinal permeability.38-39 Apart from effects on 

the intestinal flora and mucosal barrier function, obstruction induced jaundice 

also causes impairment of the immune system.40-42 These effects complicate the 

interpretation of bacteriological results to study bacterial translocation.

Table 1

Model Animal 
species

Pancreatic 
necrosis

Pancreatic 
infection

Mortality Invasiveness 

Duodenal loop 24,25 Rat No Considerable High Laparotomy

Choline deficient diet 30-32 Mouse Yes Little High Minimal

Duct ligation34-37 Rat, opossum No resp. Yes Little Low Laparotomy

Cerulein 44 Mouse, rat Yes resp. No Little Low Minimal

Duct perfusion 48 Rat, dog, pig Yes Considerable Moderate - 
high

Laparotomy

Duct perfusion + 
cerulein 52

Rat Yes Considerable Moderate Laparotomy

Characteristics of several animal models of acute pancreatitis.

Table 2

Aspect
 

Confounding factor Model

Intestinal motility and flora Animal species
Housing conditions (SPF)
Diet
Analgesics
Laparotomy
obstructive jaundice
Cerulein
Intestinal manipulation

- potentially all models
- potentially all models
- CDE diet
- invasive models
- invasive models
- duct ligation
- cerulein models
- invasive models

Mucosal barrier function Stress
Diet
Anesthetics
Pancreatic proteases
Intestinal manipulation/puncture

- potentially all models
- CDE diet
- invasive models
- duct ligation
- invasive models

Immune system Stress
Diet
Disease course / severity
obstructive jaundice
Intestinal manipulation

- potentially all models
- CDE diet
- species dependent
- duct ligation, duodenal loop
- invasive models

Aspects of bacterial translocation and potential confounding factors of animal models. SPF: specific pathogen free,
CDE: choline deficient ethionine supplemented.
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Cerulein infusion

Infusion of low doses of cerulein, a cholecystokinin analogue, enhances 

production of pancreatic exocrine cell secretions without cell necrosis. In some 

species, infusion of supramaximal doses results in a decrease of secretion and 

acute pancreatitis with acinar cell necrosis, interstitial edema and inflammatory 

cell infiltration.43 In mice, cerulein causes severe acute pancreatitis with necrosis 

of up to 40% of acinar cells.44 In rats and other animals however, cerulein-induced 

pancreatitis is usually mild and generally self-limiting. Moreover, pigs are reported 

to be insensitive to cerulein hyperstimulation.45 It should be noted that cerulein is 

known to affect intestinal motility. Studies investigating the use of cerulein in man 

have shown absence of recognizable migrating motor complexes with decreased 

colonic transit time.46 In general, experimental  acute pancreatitis is associated 

with reduced small bowel motility, resulting in small bowel bacterial overgrowth 

and increased bacterial translocation to extra-intestinal sites.6,47 Thus, cerulein 

may interfere with intestinal flora by altering intestinal motility. Investigators should 

keep this in mind when designing a study and interpreting study results.

Biliopancreatic duct perfusion

Duct perfusion models are currently the most popular models of acute pancreatitis. 

Induction of acute pancreatitis involves infusion of bile, bile salts with or without 

bacteria or activated pancreatic enzymes into the (bilio-)pancreatic duct. Early 

experiments mainly involved dogs, but currently rats are used most frequently. 

Severity and reproducibility of acute pancreatitis and ensuing bacteriological 

results strongly depend on infusate, infusion pressure, volume and time.48 

Most commonly used infusates are solutions containing various concentrations 

of bile salts of varying hydrophobicity. Both chemical and pressure effects 

of infusion have been suggested to play a major role in the pathogenesis of 

pancreatitis in perfusion models.48,49 In both chemical and pressure induced 

pancreatitis, destruction of the pancreatic duct mucosal barrier is a key event. 

This is followed by pancreatic oedema, autolysis, reduction of pancreatic blood 

flow and, in severe cases, destruction of pancreatic parenchyma and formation 

of pancreatic necrosis.50 Uncontrolled pressure related damage causes variation 

in severity of the induced acute pancreatitis between study subjects, and thus 

should be avoided. Several experiments have been performed to assess maximal 

pancreatic duct pressure before rupture of the duct epithelium causing increased 

and uncontrolled severity of acute pancreatitis. Data are conflicting, with rupture 

pressures varying from 15 to 82 mm Hg.48,49,51,52 A maximum infusion pressure of 

30 to 50 mm Hg is currently accepted for rat models.

Perfusion is usually performed by puncturing the duodenum and cannulating 

the papilla of Vater. Introduction of duodenal bacteria, through the papilla of 

Vater into the biliopancreatic duct could potentially be a confounding factor in 

transduodenal duct perfusion models. It has been demonstrated, however, that 

significant bacterial infection of the pancreas (>1x102 colony forming units/gram) 

due to the surgical procedure does not occur.53

Advantages of this model are the quick procedure of acute pancreatitis induction 

and the reproducibility of results. other than duodenal puncturing and intestinal 

handling during surgery, both potentially affecting mucosal barrier function, no 

direct effects on intestinal flora or immune function are expected in this model.

Biliopancreatic duct injection and cerulein hyperstimulation 

The combination of retrograde infusion of bile salts with superimposed cerulein 

hyperstimulation in rats has been introduced by Schmidt et	 al. and has been 

advocated as ‘a better model for evaluating therapy’.52  Although the disadvantages 

described for biliopancreatic duct injection and cerulein hyperstimulation all apply 

to this model, it has been proven a very valuable model to examine bacterial 

translocation and treatment strategies. Major advantages being that histological 

and qualitative bacteriological results as well as reaction to treatment and disease 

course resemble human acute pancreatitis more closely than other models.2,52 

Although proven a very valuable model, potential model related confounding 

factors as described above should always be kept in mind when interpreting 

results.

DISEASE CoURSE

Especially in the severe form of acute pancreatitis, systemic events can be divided 

into two phases: early pro-inflammatory and late immuno-suppressive.54 In severe 

acute pancreatitis, the early phase is associated with a systemic inflammatory 

response syndrome (SIRS) potentially leading to multiple organ failure and early 

mortality. The late phase is characterised by immuno-suppression, providing 

opportunity for infectious complications (e.g. infection of pancreatic necrosis) 

associated with sepsis and late mortality.2,55 Laboratory animal species and 
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experimental models however, each show their own disease course of acute 

pancreatitis. 

Animal models have mainly been used to investigate the early phase of acute 

pancreatitis.56 However, the model described by Schmidt et	 al. seems the most 

appropriate to investigate early and late systemic complications, considering that 

both phases can be discerned.52,57 In this model, infection of pancreatic necrosis 

progresses at least until 96 hours. When taking into account that disease course 

is more rapid in small rodents, timing could well correlate with data on the course 

of severe acute pancreatitis in humans, described by Beger et	al.2,4,58

SEVERITY 

Pancreatic necrosis is produced in several animal models of acute pancreatitis 

(Table 1). on the other hand, only duct perfusion with or without superimposed 

cerulein hyperstimulation, and murine CDE models demonstrate mortality 

comparable to human necrotizing acute pancreatitis.32,52,59 Models with high early 

mortality may be useful to investigate early phase systemic inflammatory response 

and organ failure, but are less adequate to investigate late infectious complications 

and associated (multiple) organ failure.

In most models, necrosis needs to be present for pancreatic infection to occur. It 

needs to be noted that this does not apply for the duodenal loop model in which 

reflux of duodenal contents into the biliopancreatic duct occurs.60 In contrast, the 

murine CDE model produces elaborate necrosis, but is associated with very low 

rates of pancreatic infection.33 

CULTURING, CoNTRoLS AND RoUTE oF BACTERIAL TRANSLoCATIoN

In all animal models, factors such as analgesia, anesthesia or surgical techniques 

can influence bacteriological results. Morphine-like analgesics have a significant 

effect on bowel motility and cause bacterial overgrowth and translocation to extra-

intestinal sites.61 The anesthetic pentobarbital has been suspected to be a factor in 

promoting bacterial translocation in a model of hemorrhagic shock.62

Also, stress causes mucosal barrier failure and bacterial translocation.63 Surgical 

procedures are stressful events, but animal transport or handling alone could 

potentially cause stress-induced bacterial translocation. The influence of stress on 

adrenaline and corticosteroid levels could have its own effect on the function of the 

immune system, potentially influencing the systemic reaction to acute pancreatitis 

and bacterial translocation. 

Proper sterile surgical techniques are very important when investigating bacterial 

translocation. If abdominal surgery is involved, control cultures of the peritoneal 

cavity to trace surgical contamination are of special importance. If peritoneal 

cultures are found to be positive, extra caution should be taken with interpretation 

of bacteriological analysis of abdominal organs. In case of surgical contamination 

or transperitoneal bacterial translocation, the peritoneal covering of the organ 

samples might be the cause of positive organ cultures, not the bacterial colonisation 

in the organ itself (false positive culture).

Puncturing the duodenum in duct infusion models hypothetically cause spillage of 

duodenal contents onto the peritoneum, covering all abdominal organs. In rats 

however, duodenal contents usually have low bacterial counts, mainly consisting 

of non-pathogenic lactobacilli only. on the other hand, a duct infusion study by 

Cicalese et	 al. reported positive peritoneal cultures at	 time of induction	 of 

pancreatitis of 16.6 to 33.3% of the studied rats.15 Literature review of different 

animal models fairly frequently shows positive peritoneal cultures at the time of 

termination and organ sample collection of rats with acute pancreatitis. Positive 

peritoneal cultures are observed varying from 0-10% in minimally-invasive models 

of acute pancreatitis (cerulein injection, CDE diet), to 8-100% in more invasive 

models (duct perfusion with or without cerulein hyperstimulation).6,14,15,64-66

DISCUSSIoN

Changes in intestinal motility and flora, mucosal barrier function and immune 

response have been established as pivotal aspects in the process of bacterial 

translocation during acute pancreatitis. Early after the onset of acute pancreatitis, 

neurohormonal effects result in reduced small bowel motility.6 This causes stasis of 

luminal contents and small bowel bacterial overgrowth with potential pathogens, 

including E.	 coli and Enterococcus species. The abundant presence of luminal 

pathogens forms a challenge for the mucosal barrier. Furthermore, pancreatitis 

associated reduced intestinal blood flow results in mucosal ischemia and 

reperfusion damage.67-69 Luminal bacteria, normally held at bay by the mucosal 

barrier, now have opportunity to penetrate into the intestinal mucosa. Local 

intestinal inflammation follows, further compromising mucosal barrier function. 

Pancreatitis and ensuing intestinal inflammation both contribute to a systemic 

pro-inflammatory response (Systemic Inflammatory Response Syndrome, SIRS), 
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with damaging effects on distant organs.70,71 If the systemic response is severe, 

multiple organ dysfunction syndrome (MoDS) might follow.72,73 If the patient 

survives the early phase, counter regulatory immunological pathways releasing 

anti-inflammatory cytokines result in a refractory state characterised by immuno-

suppression.74,75 Persistent immuno-suppression will render the patient liable for 

infection of pancreatic necrosis. MoDS caused by infectious complications is 

considered accountable for so-called late mortality or “late septic death”.74,76

Although animal models have been proven indispensable in acute pancreatitis 

research, model related problems are most likely the reason for important 

questions on pathophysiology and treatment strategies to remain unanswered. 

Current topics of debate include the route and origin of bacterial translocation and 

optimal prophylaxis and treatment strategies. 

Several different routes and origins of bacterial translocation have been described 

and have directed efforts for many prophylactic and therapeutic strategies. Webster 

et	 al. showed bacteremia to occur early after induction of acute pancreatitis in 

CDE induced acute pancreatitis, suggesting a hematogenous route.77 Likewise, 

rapid passage of bacteria into the blood was found in other models of acute 

pancreatitis.78 on the other hand, Runkel et	al. found bacteria migrating to lymph 

nodes prior to their translocation to distant sites in a duct ligation model, suggesting 

a lymphogenous route.79 Widdison et	al. suggested transperitoneal translocation 

of bacteria originating from the colon in a feline model of severe necrotizing 

pancreatitis.80 other study groups, including our own, have provided proof of the 

role of the small bowel in the pathophysiology of bacterial translocation in acute 

pancreatitis or after morphine administration.6,61,81 

The model of duct perfusion and cerulein hyperstimulation described by Schmidt 

et	 al. has been proven very useful, because it resembles human disease quite 

well, considering its biphasic disease course, pancreatic histology, “moderate” 

mortality and the bacterial spectrum in pancreatic necrosis.52 However, whether 

a confounder is introduced by puncturing the duodenum and cannulating the 

biliopancreatic duct is unknown. Therefore, to ensure quality of the presented 

study results, control cultures of the peritoneal cavity should be done when 

organ samples are analysed bacteriologically. Peritoneal bacteria can potentially 

affect bacteriological analysis of all abdominal tissues. Widdison et	 al. washed 

abdominal samples before analysis, but this is not commonly performed.80 A 

pilot study by Arendt et	al. showed washing removed 94-97 % of intraperitoneally 

injected bacteria.23 Immunohistologically localizing bacteria can help clarify if 

positive cultures of abdominal tissues are due to peritoneally located bacteria or 

actual bacterial colonisation in the underlying organ tissue.

When evaluating therapy experimentally, treatment often starts before induction 

of acute pancreatitis. obviously this is an important reason why results cannot 

directly be translated to the clinical situation. on the other hand, these experimental 

studies provide proof of principle concerning the tested therapy. If successful 

prophylactically, the tested treatment strategy might be beneficial when started 

after onset of acute pancreatitis and should therefore be further investigated. on 

the other hand, the faster course of acute pancreatitis in rodent models provides 

only a very short treatment window between the onset of the disease and early or 

late phase complications. This may lead to false negative effects of the therapy 

tested.

In conclusion, animal models of acute pancreatitis are indispensable tools, but 

model related drawbacks often interfere with one or more pathophysiological 

aspects of bacterial translocation, complicating interpretation of results. When the 

ideal model of acute pancreatitis is not at hand, it is of major value that numerous 

alternatives are available. But with each experimental hypothesis, special care 

should be taken to select the model most suitable. Despite all the experimental 

work done, the route by which pancreatic infection occurs and gives rise to septic 

complications and mortality have not yet fully been elucidated. optimal prophylactic 

and treatment strategies are also still widely debated. In the future, animal models 

will undoubtedly provide increasing understanding of these subjects, but model 

related drawbacks should always be kept in mind when designing a study or when 

interpreting results. 
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ABSTRACT

Background

The colon is considered a major source of bacteria causing infection of pancreatic 

necrosis in acute pancreatitis. Subtotal colectomy before acute pancreatitis in rats 

reduces mortality, but its role in affecting small bowel flora, bacterial translocation, 

and infection of pancreatic necrosis is unknown. our aim was to study these 

phenomena in rats with acute pancreatitis. 

Methods

Fifty rats, allocated in four groups, underwent two laparotomies: group 1, sham 

laparotomy and saline biliopancreatic duct infusion; group 2, subtotal colectomy 

and saline infusion; group 3, sham laparotomy and acute pancreatitis (ductal 

infusion of glycodeoxycholic acid and intravenous cerulein); group 4, subtotal 

colectomy and acute pancreatitis. Seventy-two hours after the second laparotomy, 

samples were collected for microbiological analysis.

Results

Subtotal colectomy caused small bowel bacterial overgrowth with gram-positive 

cocci (group 1 versus group 2, duodenum: P = 0.030, ileum: P = 0.029). 

Bacterial counts of gram-negative rods/anaerobes in the duodenum and ileum 

and pancreatic bacterial counts of rats with colectomy and acute pancreatitis 

were significantly higher than in rats with acute pancreatitis only (group 3 versus 

group 4, duodenum: P = 0.040, ileum: P = 0.029, pancreas: P = 0.017). Duodenal 

bacterial overgrowth and pancreatic infection correlated significantly (r = 0.45, P 

= 0.004).

Conclusions

Subtotal colectomy induces small bowel bacterial overgrowth, which is associated 

with increased bacterial translocation to the pancreas.

INTRoDUCTIoN

Secondary infection of pancreatic necrosis is known to be the leading cause of 

death in severe acute pancreatitis, accounting for more than 80% of mortality 

of these patients.1,2 Since the early 1990s, the gut has been suggested as the 

source of bacteria causing pancreatic infection and sepsis.3-6 It is unclear whether 

the bacteria causing pancreatic infection mainly originate from the small or large 

bowel. 

Bacterial translocation and reduction or intended elimination of colonic flora has 

been the main focus of experimental studies investigating the course of acute 

pancreatitis.7-10 However, earlier reports have shown that bacterial overgrowth 

in the proximal small bowel is associated with bacterial translocation to extra-

intestinal sites, including the pancreas during experimental acute pancreatitis.11,12

If indeed the colon is the main site of origin of translocating bacteria during 

acute pancreatitis, one can hypothesize that exclusion of the colon, by means 

of subtotal colectomy, would reduce bacterial translocation and infection of the 

pancreatic necrosis. on the other hand, subtotal colectomy could result in small 

bowel bacterial overgrowth and increased bacterial translocation during acute 

pancreatitis. 

The aim of this experiment was to evaluate the effects of subtotal colectomy on 

the flora of the small bowel, bacterial translocation, and infection of pancreatic 

necrosis in experimental acute pancreatitis.

MATERIALS AND METHoDS

Male specified pathogen-free Sprague-Dawley rats (275–425g; Harlan, Horst, The 

Netherlands) were used. Rats had free access to water and food (Hope Farms, 

Woerden, The Netherlands). Housing conditions were kept constant: temperature 

(22°C), humidity (60%), and a 12-hour light/dark cycle. All rats were allowed to 

adjust to these conditions for one week before surgery. The protocol was approved 

by the institutional animal care committee of the University Medical Center, Utrecht, 

The Netherlands. 

All rats were randomly allocated into four groups (Table 1). Subtotal colectomy 

with ileo-rectal anastomosis or sham laparotomy was performed on day one. Two 

weeks of recovery was allowed to exclude the potential effects of intestinal handling 

or the effects of postoperative ileus on small bowel flora. Two weeks after the first 

procedure, acute pancreatitis or sham procedures were done. Seventy-two hours 
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after induction of pancreatitis or sham procedure, organ and fluid samples were 

collected. 

All procedures were performed under general anesthesia using a combination 

of subcutaneous depots of a neuroleptic/analgesic drug (fentanyl 0.315 mg/mL 

and fluanisone 10 mg/mL, Hypnorm; Janssen-Cilag, Tilburg, The Netherlands) 

and a sedative drug (midazolam 5 mg/kg, Dormicum; Roche, Woerden, The 

Netherlands). Hair on the sites of operation was shaved, and the skin was 

disinfected with a 2% iodine tincture in 50% ethanol solution. A heated operating 

table (37°C) was used during surgery to prevent hypothermia. When necessary, an 

operation microscope (opmi 6; Carl Zeiss, Sliedrecht, The Netherlands) was used. 

All surgical procedures were done with sterile instruments under strict aseptic 

conditions. During abdominal procedures, the intestine was kept moist with sterile 

0.9% NaCl solution.

Subtotal colectomy and sham laparotomy

The abdomen was opened by midline incision. After identification and ligation 

of colonic vasculature, the terminal ileum and rectum were transected leaving 2 

to 3 cm of the rectum in situ. The remainder of the colon was resected. End-to-

end ileorectal anastomosis was established using a running prolene 8-0 suture to 

reconstruct intestinal continuity. Sham laparotomy consisted of midline incision 

and mobilization of the colon and the small intestine. The abdomen was closed in 

two layers.

Induction of acute pancreatitis and sham procedure

To prevent puncture of the duodenum or biliary obstruction, the model of acute 

pancreatitis described by Schmidt et	 al. was modified as described earlier.11,13 

A nonlethal model of acute pancreatitis was chosen to ensure survival of the 

early phase of acute pancreatitis and to allow for the development of infectious 

complications. This model of acute pancreatitis leads to moderate (peri-) pancreatic 

necrosis, bacterial translocation, and infection of extra-intestinal sites.11 In brief, 

after identification of the common bile duct, a proximal cannula (outer diameter, 0.94 

mm; inner diameter, 0.51 mm; Rubber, Amsterdam, The Netherlands) was inserted 

into the common bile duct toward the liver to divert bile during the procedure. A 

distal cannula (outer diameter, 0.64 mm; inner diameter, 0.30 mm) was inserted 

into the common bile duct toward the pancreas and connected to a continuous 

infusion system. Before pressure monitored infusion of 0.5 mL glycodeoxycholic 

acid in glycylglycine-NaoH–buffered solution (10 mmol/L, pH 8.0, and 37°C), the 

common bile duct was clamped just proximally to the papilla of Vater to prevent 

direct flow of infusate into the duodenum. No animals needed to be excluded for 

infusion pressures exceeding 35 mm Hg. Directly after infusion, hepato-duodenal 

bile flow was restored by connecting the proximal and distal common bile duct 

cannulas with a 20-gauge adapter and removal of the clamp at the papilla of Vater. 

After closure of the abdomen, the right jugular vein was cannulated for continuous 

intravenous infusion of cerulein (5 µg/kg/h for 6 hours). The sham procedure was 

done in the same manner, using sterilized saline for infusion into the common bile 

duct and jugular vein. 

Collection of organ and fluid samples

Seventy-two hours after induction of pancreatitis or sham procedure, the rats were 

anesthetized to allow sterile removal of organ and fluid samples. Samples were taken 

in the following order to avoid cross-contamination: peritoneal fluid, blood (inferior 

vena cava), mesenteric lymph nodes (MLN), liver, spleen, pancreatic tail, pancreatic 

head, duodenum, and ileum. All samples were sent for microbiological analysis, 

and a portion of the pancreatic samples was analyzed histopathologically using 

standard hematoxylin and eosin (H&E) staining. Severity of acute pancreatitis was 

assessed by one investigator (L.P.v.M.) blinded for group number, using a scoring 

system modified from Schmidt et	 al.13 Serum bilirubin levels were measured to 

exclude rats with obstructive jaundice (bilirubin >20 mmol/L) for further analysis.

Table 1

Group First laparotomy Second laparotomy n

Controls Sham Sham infusion 8

Colectomy Colectomy Sham infusion 11

AP Sham Acute pancreatitis 10

Colectomy and AP Colectomy Acute pancreatitis 10

Surgical procedures and number of rats included in the experimental groups. AP: acute pancreatitis.
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Microbiological analysis

All organ samples were weighed and processed immediately for quantitative 

and qualitative cultures of aerobic and anaerobic organisms. All organs were 

homogenized in cysteine broth with a sterile blender and cultured in 10-fold dilution 

series. The samples were cultured on blood agar, MacConkey agar (for gram-

negative strains), Columbia colistin nalidixic acid (CNA) agar (for staphylococci 

and streptococci), Man-Rogosa-Sharpe-agar (for lactobacilli), and Schaedler agar 

(for facultative anaerobic bacteria). The microorganisms were identified using 

standard microbiological techniques. Bacterial counts are presented in colony 

forming units per gram of tissue (CFU/g). Threshold detection level of bacterial 

growth was more than 103 CFU/g for intestinal samples and more than 102 CFU/g 

for MLNs, liver, spleen, and pancreas.

Statistical analysis

Analysis of bacterial counts was computed using oneway ANoVA, followed by least 

significant difference tests (post hoc Student t test) of relevant subgroups (SPSS 

statistical software; SPSS Benelux, Gorinchem, The Netherlands). Spearman rank 

correlation coefficients were computed for linear correlation analyses. Statistical 

significance was accepted when 2-tailed P values were less than 0.05.

RESULTS

In total, 50 rats were enrolled in the experiment. Eleven of these were excluded; 

2 rats died during surgery (hemorrhage during subtotal colectomy procedure), 

two rats died of postoperative ileus after subtotal colectomy, and seven rats were 

excluded from further analysis because of hyperbilirubinemia. In total, 39 rats 

were included in 4 study groups (Table 1). Induction of pancreatitis did not result 

in mortality. There was no significant difference in pancreatitis histology scores 

between the two pancreatitis groups or between the two sham-infusion groups.

Small bowel bacterial counts

Figures 1 and 2 show small bowel bacterial counts of all study groups. In the 

duodenum, bacterial counts of gram-positive cocci increased significantly in 

colectomized rats compared with controls (P = 0.030; Figure 1). These effects 

were mainly caused by staphylococci (mainly S.	aureus) and enterococci. Counts 

of gram-negative bacteria such as E.	 coli and Proteus spp. in the duodenum 
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were also higher after subtotal colectomy but failed to reach significance. In the 

ileum, colectomy led to significantly increased counts of gram-positive cocci and 

gram-negative rods/anaerobes (P = 0.029 and P = 0.029, respectively; Figure 2). 

Similar to the duodenum, predominant bacteria were staphylococci, enterococci, 

E.	coli, and Proteus spp. 

Induction of acute pancreatitis did not result in significant effects on total 

bacterial counts in the duodenum. However, counts of gram-positive rods (mainly 

lactobacilli) were numerically reduced after induction of acute pancreatitis, in favor 

of gram-positive cocci (mainly staphylococci and enterococci; Figure 1). In the 

ileum, the effects were similar, with a significant reduction of gram-positive rods 

in rats with acute pancreatitis compared to controls (P = 0.020; Figure 2). Acute 

pancreatitis in rats with a previous colectomy resulted in higher bacterial counts 

in the duodenum and ileum compared with rats without previous colectomy. In the 

duodenum, counts of gram-positive rods and gram-negative rods/anaerobes were 

significantly increased in rats with acute pancreatitis and colectomy compared 

with rats with acute pancreatitis only (P = 0.009 and P = 0.040, respectively). 

Counts of gram-negative rods/anaerobes in the ileum were also increased (P = 

0.029).

Bacterial translocation

Bacterial cultures of peritoneal fluid or blood remained negative in control animals. 

However, subtotal colectomy, acute pancreatitis, or the combination of both 

resulted in positive cultures in some cases (Table 2). Total bacterial counts in 

the MLNs, spleen, liver, and pancreas are shown in Figure 3. Subtotal colectomy 

resulted in significantly increased bacterial counts in the MLNs, mainly E.	 coli, 

lactobacilli, staphylococci, and enterococci (P = 0.026). Subtotal colectomy-

induced bacterial translocation to spleen, liver, and pancreas did occur. However, 

this did not result in a significant increase of total bacterial counts. A tendency 

toward increased bacterial translocation to MLNs, spleen, liver, and pancreas 

after induction of acute pancreatitis was present, albeit no significant effect was 

observed. However, acute pancreatitis in rats with previous colectomy resulted in 

significantly increased bacterial translocation to the pancreas compared with rats 

without previous colectomy (P = 0.017; Figure 3).

Table 2

Group Peritoneal fluid (%) Blood (%)

Controls 0 (0) 0 (0)

Colectomy 3 (27) 1 (9)

AP 3 (30) 2 (20)

Colectomy and AP 4 (40) 4 (40)

occurrence of bacterial translocation to peritoneal fluid and blood. AP: acute pancreatitis.
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Small bowel bacterial overgrowth and pancreatic infection

Duodenal and pancreatic bacterial counts correlated positively and significantly 

(Spearman rank test, r = 0.45, P = 0.004; Figure 4). Bacterial counts in the ileum 

did not correlate to those of the pancreas.

DISCUSSIoN

The most important findings of this experiment are that subtotal colectomy 

causes increased bacterial growth in the small bowel and that duodenal bacterial 

overgrowth is correlated to infection of pancreatic necrosis during experimental 

acute pancreatitis.

Little is known of the clinical course of acute pancreatitis in patients who underwent 

previous subtotal colectomy (e.g. for inflammatory bowel disease) compared with 

patients with acute pancreatitis with the colon in	situ. Subtotal colectomy has been 

shown to induce a shift of colonic-type bacteria to the ileum of patients with Crohn’s 

disease, but this is the first study to show that subtotal colectomy, especially in the 

setting of experimental pancreatitis, leads to small bowel bacterial overgrowth.14 

This rat model shows that subtotal colectomy causes colonization of the ileum, as 

well as the duodenum, with colonic-type bacteria, including gram-negative rods 

(E.	coli, Proteus spp.) and anaerobes. 

In our previous reports, bacterial overgrowth in the proximal small bowel has also 

been shown in rats receiving continuous morphine infusion or after induction of 

acute pancreatitis.11,12 According to the results of those previous experiments, this 

study shows a direct association between small bowel bacterial overgrowth and 

bacterial translocation to extra-intestinal sites, including the pancreas.11,12 Also, 

the importance of the small bowel in the process of bacterial translocation has 

been shown by Samel et	 al. visualizing translocating small bowel bacteria with 

intravital microscopy during experimental acute pancreatitis.15

Most investigators however, have focused on the large bowel as the primary source 

of translocating bacteria. Colonic cleansing, by means of large bowel enemas 

after induction of pancreatitis in rats, led to a reduction of bacterial translocation to 

the MLNs, but had no effect on pancreatic infection rates.7 Cecostomy and colonic 

irrigation, immediately after induction of acute pancreatitis, both led to reduction 

of serum endotoxin levels but had no effect on mortality. No data were presented 

on bacterial translocation or pancreatic infection in the experiment.8 Lange et	

al. showed that intestinal lavage by means of duodenal cannulation and saline 

infusion reduced mortality of acute pancreatitis.9 In the same paper, a second 

experiment was described, showing that subtotal colectomy two weeks before 

acute pancreatitis resulted in a reduction of mortality. Unfortunately, no bacterial 

cultures of the small bowel, MLNs, or pancreas were done in these experiments 

either.9 

The question arises why colectomy two weeks before pancreatitis of lethal severity 

improves survival, whereas in our nonlethal model, it increases bacterial counts 

in infected pancreatic necrosis. Explanations may be found in the reaction of the 

gut-associated lymphoid tissue (GALT) to intestinal mucosal injury induced by 

acute pancreatitis. Mainous et	al. and Deitch et	al. have documented that the gut 

and GALT can generate pro-inflammatory cytokines when intestinal mucosal injury 
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occurs.16,17 In the early phase of severe acute pancreatitis, intestinal mucosal injury 

allows luminal bacteria to penetrate the mucosa. Exposure of the immune system 

to these intestinal bacteria leads to gross activation of the GALT. The resulting 

excessive pro-inflammatory response is the initial step to systemic inflammatory 

response syndrome (SIRS) with lung injury, multiple organ failure (MoF), and 

death.18 Removal of the colon and consequently a large portion of the associated 

lymphoid tissue before the induction of pancreatitis could have quantitatively 

mitigated this initial early phase inflammatory response. This reduction of SIRS 

can be the reason for increased survival of rats with severe acute pancreatitis, 

as shown by Lange et	 al.9 In our nonlethal pancreatitis model, the early phase 

inflammatory response may be less fulminant and SIRS, MoF, or death do not 

occur. Survival of the early phase of acute pancreatitis could allow for small bowel 

bacterial overgrowth and bacterial translocation to the pancreas to occur. This can 

be the reason for increased pancreatic infection after colectomy in our model of 

acute pancreatitis. 

This two-phase sequence of events has also been observed clinically in acute 

pancreatitis, with SIRS in the first week and infection of pancreatic necrosis with 

a ‘‘second hit’’ of SIRS in a later phase of the disease process.1,19 It seems that 

the severe acute pancreatitis models can mimic severe early SIRS. Experimental 

acute pancreatitis of low mortality runs a similar course as seen in patients with 

acute pancreatitis with late infectious complications, probably caused by small 

bowel bacterial overgrowth, bacterial translocation, and subsequent infection of 

pancreatic necrosis.

In summary, most studies aiming to reduce bacterial translocation during acute 

pancreatitis have focused on the colon. However, this experiment shows that 

exclusion of the colon by means of subtotal colectomy leads to small bowel 

bacterial overgrowth that correlates with bacterial translocation to the pancreas. 

The exact mechanisms of bacterial translocation remain to be defined to provide 

new insights in prevention and treatment of infectious complications during acute 

pancreatitis.
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ABSTRACT

Infectious complications in surgical patients often originate from the intestinal 

microflora. In the critically ill patient, small bowel motility is disturbed, leading to 

bacterial overgrowth and subsequent bacterial translocation due to dysfunction of 

the gut mucosal barrier. The optimal prophylactic strategy should act on all these 

factors, but such a strategy is not yet available. For several decades, antibiotic 

prophylaxis to prevent translocation of pathogenic bacteria has been studied with 

conflicting results. Selective decontamination of the digestive tract has shown 

good results, but fear for bacterial multiresistance has prevented worldwide 

implementation. 

In recent years, probiotics, living bacteria with a potential beneficial effect to their 

host, have shown promising results in several randomized placebo-controlled 

trials. Currently, in	vitro and experimental research in our institution focuses on the 

effects of probiotics on the intestinal microflora, mucosal barrier function and the 

immune system.

INTRoDUCTIoN

With the improvement of intensive care treatment of surgical patients, the use of 

antibiotics has increased dramatically, usually to the benefit of the severely ill but 

with increasing concern about their extensive use.1-3 Costs are high and the threat 

of infections with drug-resistant bacteria like vancomycin resistant enterococci 

and multiresistant Staphylococcus	aureus and secondary infection with yeasts is 

growing.4-10

Bacteria of the gut microflora are often cultured as the cause of infections in 

surgical and intensive care patients.11-13 Reduction of translocation of gut microflora 

might therefore reduce infections and the need for antibiotics. Although there is 

evidence in favor of selective decontamination of the digestive tract (SDD) with 

antibiotics, the prophylactic use of antibiotics to prevent infectious complications 

is still controversial.14-17 Results of antibiotic prophylaxis are especially conflicting 

in necrotizing pancreatitis.18,19 Being aware of the problems with microbial drug 

resistance, the World Health organization has advocated the use of microbial 

interference: non-pathogens (probiotics) to restrain pathogens.20 

In Utrecht, several experimental and clinical studies concerning acute pancreatitis, 

bile duct obstruction and the critically ill have provided insight into the interactions 

between gastrointestinal motility, bacterial overgrowth, bacterial translocation 

and infectious complications.21-40 With the continuing controversy and the risks of 

prophylactic use of antibiotics in mind, research is currently focused on probiotics. 

Probiotics might offer an alternative strategy for the prevention of infectious 

complications (systemic inflammatory response syndrome (SIRS), multiple organ 

failure (MoF) and sepsis in surgical patients.41-45

In the next paragraphs, we will discuss the role of the following pathophysiological 

factors in bacterial translocation leading to infectious complications: (1) intestinal 

motility and small bowel bacterial overgrowth; (2) structural mucosal barrier 

function, and (3) the immune system. 

In experimental and clinical studies, acute pancreatitis is used as a working 

model for bacterial translocation. Finally, current clinical evidence for the efficacy 

of prophylactic antibiotics and prophylactic probiotics in preventing bacterial 

translocation and subsequent infectious complications is discussed. 
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THE HEALTHY GUT

The total weight of microflora in the human gastrointestinal tract is more than 1 kg, 

consisting of over 400 different species of bacteria.45,46 The intestinal microbial flora 

is essential to host health, being involved in metabolic functions (e.g. fermentation 

of food, production of essential vitamins or functional metabolites like butyrate), 

homeostasis of the intestinal epithelium and regulation of the immune system.11,45 

The presence of beneficial microbes in the intestine also results in prevention 

of overgrowth by potential pathogenic microbes, referred to as colonization 

resistance.47 However, under certain circumstances, microbes can breach the 

limits of the host intestinal lumen and translocate to extra-intestinal sites, causing 

local and systemic complications. This phenomenon was first defined in 1979 as 

bacterial translocation.48

BACTERIAL TRANSLoCATIoN

Bacterial translocation depends on three major pathophysiological aspects: (1) 

intestinal motility and small bowel bacterial overgrowth, (2) structural mucosal 

barrier function, and (3) the immune system. These aspects are included in a 

hypothetical model (Figure 1) and will be discussed consecutively.

Intestinal motility and small bowel bacterial overgrowth

In healthy subjects, the effects of gastric acid, bile, pancreatic secretions, and the 

intestinal migrating motor complex (MMC) keep bacterial counts in the small bowel 

low. Reciprocal regulatory influences exist between the intestinal microflora and 

small bowel motility. Small bowel motility is largely regulated by the presence of 

intestinal bacteria. The MMC is stimulated by intestinal flora.37 Inhibition of stomach 

acid production induced small bowel bacterial overgrowth in healthy volunteers. 

Accordingly, this resulted in an increase in phase II of the MMC, reflecting more 

efficient intestinal transit and clearing of bacterial content.37 

In contrast, the MMC and small bowel transit were disrupted in rats receiving 

continuous subcutaneous morphine in contrast to normal saline. This resulted in 

colonic type bacterial overgrowth in the duodenum, whereas bacterial flora in the 

ileum was less affected. Proximal small bowel bacterial overgrowth was correlated 

to bacterial translocation to extra-intestinal sites such as the mesenteric lymph 

nodes, liver and spleen.31 Likewise, administration of morphine in intensive care 

patients reduced anteroduodenal motility.27 

Small bowel motility and bacterial overgrowth were measured in rats with acute 

pancreatitis and sham-operated rats. Similarly to morphine infusion, acute 

pancreatitis resulted in a reduction of small bowel motility causing small bowel 

bacterial overgrowth. Interestingly, bacterial overgrowth in the proximal small bowel 

correlated quantitatively and qualitatively with infection of pancreatic necrosis.36 

Whereas several studies investigating bacterial translocation have implicated the 

colon as the primary origin of bacteria causing infection of pancreatic necrosis, 

our results contradicted these findings.49-51 Therefore, an experiment was done to 

Optimal mucosal barrier function
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immune system Balanced intestinal
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microbe interaction 
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Hypothetical model for infectious complications during a traumatic insult. In this model it is hypothesised that in the proximal 
intestine impaired gastrointestinal motility, mucosal barrier dysfunction and overt immune responses lead to small bowel bacte-
rial overgrowth with colonic type bacteria followed by enhanced translocation of bacteria or their products. Probiotics (PB) inter-
act with these factors, possibly preventing bacterial translocation and infectious complications.

Figure 1
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explore the role of the colon as a potential source of bacteria by performing subtotal 

colectomy with ileo-rectal anastomosis in rats, 2 weeks prior to induction of acute 

pancreatitis.40 Subtotal colectomy resulted in small bowel bacterial overgrowth 

and again, an increase in infection of pancreatic necrosis, compared to acute 

pancreatitis rats without previous colectomy. It appears that small bowel motility 

and small bowel bacterial overgrowth are important factors in the pathogenesis of 

bacterial translocation.

Structural mucosal barrier function

The primary function of the intestinal mucosal barrier is to maintain host integrity 

by monitoring the intestinal lumen and sealing against invading bacteria and their 

toxins.43 The intestinal epithelium forms the most important physical barrier between 

the gut lumen and the host. Epithelial cell shredding, fluid secretion and tight 

junctions offer non-specific, structural protection against bacterial translocation. 

Furthermore, the epithelium exploits other defense systems, such as mucus and 

defensin production and tight junctions. The presence of commensal microbes is 

essential for all these defense systems.43 A biological ‘overpressure’ of intestinal 

microbes is therefore essential for the structural mucosal barrier function.42,43, 52 

Consequently, disruption of normal microbial balance (e.g. during morphine use 

or acute pancreatitis) results in dysfunction of the mucosal barrier, facilitating 

bacterial translocation of opportunistic pathogens. 

After crossing the epithelial barrier, the majority of bacteria is phagocytosed by 

intestinal immune cells and thereby contributes to the intestinal inflammatory 

response. This response causes further structural damage to the intestinal 

epithelium. Failure of structural mucosal barrier function has been demonstrated 

in a rat model of acute pancreatitis. Intestinal permeability, measured in Ussing 

chambers ex	 vivo, was significantly increased in rats with acute pancreatitis 

and positively correlated with infection of pancreatic necrosis.39 Increased gut 

permeability and its association with bacterial and/or endotoxin translocation has 

also been observed in patients with acute pancreatitis.53,54 The largest increase in 

gut permeability was observed within 48 hours of hospital admission in patients 

ultimately developing severe acute pancreatitis. Permeability was significantly 

greater in patients who subsequently developed MoF and/or died compared with 

other severe cases.53

The immune system

Specific protection against luminal antigens is obtained by continuous monitoring 

of the intestinal lumen by the gut-associated lymphoid tissue (GALT). The GALT is 

the largest and most complex part of the immune system.55 It is able to discriminate 

between invasive organisms and harmless antigens such as food proteins and 

commensal organisms. Figure 2 (from Science,	 with permission) illustrates the 

major constituents of the intestinal immune system. The primary immunological 

barrier encountered by luminal microorganisms is the intestinal epithelial cell 

Figure 2

The continuous monitoring of microbial flora in the gut lumen. The primary barrier between the luminal microflora and the 
lamina propria is formed by just one monolayer of intestinal epithelial cells, the enterocytes. Apart from their essential role in 
digestion and uptake of food particles these cells are also able to secrete and respond to a wide array of chemokines and 
cytokines. M-cells are specialized epithelial cells which can take up bacteria and present them to dendritic cells resident in the 
Peyers patches. Alternatively, dendritic cells may sample luminal content independently by prying open tight junctions between 
enterocytes, reaching their dendrites into the gut lumen. These bacteria are then transported below the epithelium surface and 
antigenic structures are presented to B and T lymphocytes. This antigen presentation takes place locally in the lamina propria or 
after migration to the mesenteric lymph nodes. [Reprinted with permission of Science magazine58 and Litwak illustrations]
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lining. Apart from their non-specific barrier function, as described above, intestinal 

epithelial cells are capable of recognizing microbial structures using so-called 

Toll-like receptors.56 Activation of Toll-like receptors by lipopolysaccharides (major 

constituent membrane of gram-negative bacteria) or lipoteichoic acid (major 

constituent membrane of gram-positive bacteria) initiates signaling processes 

resulting in inflammatory and immune defense responses.57 once bacteria breach 

the mucosal lining of enterocytes, they will encounter cells of the innate immune 

system such as macrophages and dendritic cells.58 Dendritic cells have gained 

specific interest since the discovery of their central role in gut immunology. Also, 

it was recently described that dendritic cells have unique pathways to monitor 

luminal content. Long dendrites are extended into the gut lumen by prying open 

tight junctions between epithelial cells without breaking the mucosal barrier.59,60 

These dendrites sample luminal bacteria and other antigens and present these to 

the immune system. In this way there is continuous cross-talk between gut bacteria 

and the GALT.58,61 So, to some extent, bacterial translocation is physiological and it 

is rather a shift in balance that leads to infectious complications.62

In summary, balanced gastrointestinal microbial flora, intact structural and 

immunological mucosal barrier function play an essential role in prevention of 

infectious complications. Clinically, this implies that (1) prevention of small bowel 

bacterial overgrowth, (2) support of the mucosal barrier and (3) modulation of the 

immune response offer promising strategies for prophylactic treatment, potentially 

preventing early and late complications in surgical patients.

ACUTE PANCREATITIS AS A WoRKING MoDEL

After the onset of acute pancreatitis, two phases can be discriminated in the clinical 

course of the disease.63 In the early phase, severe acute pancreatitis results in a 

systemic immune response reflected by an increase in pro-inflammatory cytokines 

levels, associated with a reduction in mucosal barrier function leading to increased 

translocation of bacteria and endotoxins through the intestinal epithelium, 

potentially resulting in SIRS, MoF and death.53 Accordingly, death in the first 

week after onset of acute pancreatitis is mainly due to SIRS accompanied by 

MoF. In mild cases, however, mild or moderate SIRS may occur and is presumed 

to be beneficial.64 After survival of the initial phase, negative feedback systems 

attempt to limit the autodestructive inflammatory processes. This may result in 

prolonged immunosuppression in the late phase. The intensity and duration of 

the immunosuppression correlates with the severity of the early-phase SIRS. This 

means that patients who develop severe SIRS in the early phase will be subject to 

a greater risk of bacterial translocation causing infectious complications during the 

late phase. Indeed, late mortality, from approximately three weeks after onset of 

acute pancreatitis, is usually caused by infectious complications, such as infected 

pancreatic necrosis or sepsis.65 A schematic representation of the biphasic clinical 

course of acute pancreatitis is shown in Figure 3 (modified from Moore et	al.).66
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Figure 3

Assumed impact of bacterial translocation on acute pancreatitis. Shortly after the onset of acute pancreatitis an overt activa-
tion of the immune system is commenced (SIRS), inducing distant organ failure, most frequently affecting the lung (acute respira-
tory distress syndrome; ARDS). Indeed, the majority of patients dying from acute pancreatitis during the first week suffer from 
lung failure. Bacterial translocation may contribute to overproduction of pro-inflammatory mediators. Patients with severe acute 
pancreatitis surviving the initial phase will subsequently enter a period of (‘severe’) immunosupression rendering the patient lia-
ble for infectious complications caused by bacterial translocation.
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ANTIBIoTIC PRoPHYLAxIS

Antibiotic prophylaxis in surgical patients aims to reduce bacterial infections and 

occurrence of SIRS, MoF and mortality. Intravenous administration of antibiotics 

is meant to kill bacteria after they translocate from the intestinal lumen. Enteral 

administration, also known as selective decontamination of the digestive tract 

(SDD), aims to kill intestinal bacteria before they get the opportunity to pass the 

mucosal barrier. 

Intravenous antibiotics 

Five randomized controlled trials have investigated the effect of intravenous 

antibiotic prophylaxis in acute pancreatitis.19,67-70 only the most recent randomized 

controlled trial was designed as a double blind, placebo-controlled study.19 This 

study demonstrated no beneficial effect of antibiotic prophylaxis on infection of 

pancreatic necrosis, sepsis or mortality. Moreover, in patients receiving antibiotic 

prophylaxis a significant increase in resistance to ciprofloxacin was observed.19  An 

updated meta-analysis, including this most recent trial, concluded that antibiotic 

prophylaxis in acute pancreatitis does reduce the incidence of sepsis, but does 

not reduce the incidence of infection of pancreatic necrosis or mortality.23 We 

conclude that the beneficial effect of intravenous antibiotic prophylaxis to prevent 

infected pancreatic necrosis in acute pancreatitis has not been unequivocally 

documented. 

Enteral antibiotics 

In 1984, enteral SDD was proposed as a method to reduce the intraluminal load of 

potentially pathogenic bacteria with the intention to reduce bacterial translocation 

and sepsis in severely ill patients.71 There is much evidence in favor of SDD. A 

Dutch multicenter randomized controlled trial in 100 acute pancreatitis patients 

showed that SDD is effective in prevention of infected pancreatic necrosis but 

failed to show an effect on mortality.72 A recent Dutch randomized controlled trial 

in 934 intensive care patients demonstrated an absolute mortality reduction of 

8% through SDD with a remarkable accompanying decrease in the incidence of 

multiresistant strains (26 vs. 16% in the SDD group).15 Finally, a Cochrane meta-

analysis demonstrated that a combination of topical and systemic prophylactic 

antibiotics reduces respiratory tract infections and overall mortality in adult patients 

receiving intensive care treatment.73 SDD has not received worldwide acceptance, 

mainly due to the combination of the high workload associated with SDD and 

the fear for microbial drug resistance. Therefore, new randomized controlled trials 

are needed in countries with a high prevalence of bacterial resistance in order 

to adequately address these fears.15 Moreover, the impact and efficacy of the 

different regimes of SDD (enteral and/or topical and/or intravenous) have to be 

tested in large well-designed randomized controlled trials. Furthermore, alternative 

strategies have to be studied. Ideally, an alternative strategy would be at least as 

effective as SDD but less costly and without risk of developing microbial drug 

resistance.74,75

PRoBIoTIC PRoPHYLAxIS

There is increasing evidence that probiotics may offer an alternative strategy 

to SDD in the future. Probiotics are safe and cheap living microorganisms that 

upon enteral delivery exert a wide range of health-promoting properties.76 It is 

hypothesized that probiotics exert an effect on all three mechanisms involved in 

bacterial translocation. Since many of these effects are strain-specific, it can be 

regarded impossible to find a single probiotic strain harboring all these desired 

properties. Therefore, a multispecies probiotic preparation is to be preferred.35 

In cooperation with Winclove Bio Industries BV (Amsterdam, The Netherlands), 

such a multispecies probiotic preparation (Ecologic®	641) was developed by our 

group. This preparation combines six different probiotic strains. These strains were 

selected after several in	vitro and experimental studies on their specific capacities to 

act on the mechanisms involved in bacterial translocation. The selected probiotics 

were found to inhibit the in	vitro growth of all 14 pathogens cultured from infected 

pancreatic necrosis of four patients.34 Moreover, the probiotics were able to inhibit 

growth of several strains of vancomycin-resistant enterococci and multiresistant 

S.	 aureus.34 This antimicrobial effect of probiotics is most likely caused by a 

combination of mechanisms of action.44,77 Since the sterile supernatant of probiotic 

cultures also exhibits an antimicrobial effect, lactic acid is likely to be at least 

partially responsible for the observed effect.34,44,77 As for the immunomodulatory 

effect of probiotics, it was demonstrated that probiotic strains are potent inducers 

of the anti-inflammatory cytokine IL-10 when co-cultured with human mononuclear 

cells.29 Furthermore, a recent study demonstrated a multispecies probiotic product 

to be a potent inducer of IL-10 production by dendritic cells derived from blood 

and intestinal tissue.78 In the same study this product also inhibited the generation 
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of T-helper-1 cells.78 Also, the individual probiotic strains were demonstrated to 

have distinct immunomodulatory effects.78 

Probiotics in acute pancreatitis

In Hungary, a double-blind, placebo-controlled, two arm parallel-group randomized 

controlled trial was performed in 45 acute pancreatitis patients.79 Patients were 

randomly selected to receive either viable probiotics (group A) or heat-inactivated 

probiotics (group B). All patients received fiber-enriched enteral feeding through 

a jejunal tube for one week. Treatment was started within 48 hours of hospital 

admission. In the group treated with viable probiotics, 1/22 (5%) patient developed 

infection of pancreatic necrosis (positive aspiration culture) against 7/23 (30%) 

patients in the group treated with heat-inactivated probiotics. Due to this beneficial 

effect of probiotics, the trial was stopped at a scheduled interim analysis. The 

study was criticized for the exclusion of biliary pancreatitis patients and for some 

additional methodological flaws.80,81 Several of these remarks are valid, but after 

re-analysis of the data, using the correct statistics, we still calculated a significant 

risk reduction by viable probiotics.81 The trials’ results are summarized in Table 1 

(olah et	al.). 

Probiotics in liver transplantation

In Germany, a non-blinded three-arm parallel-group randomized controlled trial 

was performed including 95 patients scheduled for liver transplantation.82 Patients 

were randomly allocated to postoperative SDD and regular tube feeding (group 

A), viable probiotics and fiber-enriched tube feeding (group B) or heat-killed 

probiotics and fiber-enriched tube feeding (group C). During hospital stay there 

was a significant reduction of infectious complications in patients receiving viable 

probiotics (13%, n = 4) compared to patients receiving SDD (48%, n = 15) or heat-

inactivated probiotics (34%, n = 11). In contrast to the technique of SDD mentioned 

earlier, SDD in this study did not use intravenous antibiotic prophylaxis.82 

Recently, the same group reported a second double blind, placebo-controlled 

randomized controlled trial.83 Sixty-six liver transplant recipients were randomized 

to receive either four different probiotics or placebo. All patients received early 

postoperative fiber-enriched enteral nutrition. The incidence of postoperative 

bacterial infections was significantly reduced by probiotics compared to placebo 

(3% vs. 48%).83

Probiotics in abdominal surgery

In contrast to the three randomized controlled trials with favorable results of 

probiotic prophylaxis, five randomized controlled trials failed to detect such 

an effect in general abdominal surgery patients (Table 1).84-88 Four of the five 

randomized controlled trials on abdominal surgery patients are from Scarborough, 

UK. These five randomized controlled trials used different probiotics compared to 

the liver transplantation or acute pancreatitis trials. 

As pointed out by Bengmark, many factors may influence the results of probiotic 

prophylaxis: use of multi- or monospecies probiotics, dose and species of 

probiotics, methods of administration or use of (fibre-enriched) tube feeding.89 

Efficacy of probiotics may also differ between subgroups of surgery, e.g. upper vs. 

Table 1

Author Year Condition Infections with
probiotics (%)

Infections with
placebo (%)

ARR % 95% CI P

Rayes82 2002 Liver transplantation 4/31 (13) 11/32b (34) +21 0.003 to 0.40 0.017a

Rayes83 2005 Liver transplantation 1/33 (3) 17/33 (48) +45 0.28 to 0.65 0.001a

olah79 2002 Acute pancreatitis 1/22 (5) 7/23 (30) +25 0.03 to 0.46 0.047c

Rayes88 2002 Abdominal surgery 3/31(10) 3/32 (10) 0 –0.16 to 0.17 n.s.

McNaught86 2002 Abdominal surgery 7/64 (11) 10/65 (15) +4 –0.17 to 0.08 n.s.

Anderson84 2004 Abdominal surgery 23/72 (32) 20/65 (31) –1 –0.14 to 0.16 n.s.

Jain85 2004 Abdominal surgery 33/45 (73) 26/45 (58) –15 –0.04 to 0.16 n.s.

McNaught87 2005 Critically ill 21/52 (40) 22/51b (43) +3 –0.21 to 0.16 n.s.

Randomized controlled trials on probiotic prophylaxis in surgical patients. ARR: absolute risk reduction; a: Χ2 test; b: open comparison, no 
placebo used; c: Fisher exact test.
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lower gastrointestinal procedures. However, the present studies were not designed 

to detect these differences.89 In order to determine efficacy of probiotic prophylaxis 

on ‘hard’ clinical endpoints (e.g. postoperative 30-day mortality), much larger, well 

designed double-blind, placebo-controlled randomized controlled trials are needed. 

Because of expanding pan-European cooperation of European gastrointestinal 

surgeons, a large European randomized controlled trial would seem possible.

oNGoING RESEARCH

Several clinical and experimental studies are underway in which molecular 

techniques are being used to assess the interaction between probiotics, gut 

microflora, gastrointestinal permeability, bacterial translocation and infectious 

complications. To further validate the protective role for probiotics in acute 

pancreatitis, a double-blind, placebo-controlled multicenter trial, PRoPATRIA 

(probiotics in acute pancreatitis trial) was started in The Netherlands. Fifteen centers 

of the Dutch Acute Pancreatitis Study Group, including all eight Dutch university 

medical centers, are currently involved. The design and rationale of the study have 

been published.25 In brief, within 72 hours after onset of abdominal pain, patients 

with predicted severe pancreatitis are randomized for the multispecies probiotic 

preparation (Ecologic®	641) or placebo. Primary endpoint of the study is the total 

number of infectious complications, including infected pancreatic necrosis and 

sepsis. It is hypothesized that probiotics reduce the number of infections from 50 

to 30%. In order to demonstrate this effect, 200 patients need to be randomized.25 

With current mortality in predicted severe acute pancreatitis (10%), a significant 

reduction of mortality is not expected.19, 90,91 To demonstrate a 50% reduction in 

mortality (10 to 5% reduction, a=0.05, β=0.80), a much larger trial of almost 1,000 

patients would be necessary.

CoNCLUSIoN

Prevention of bacterial translocation is an important focus in prophylaxis of 

infectious complications in surgical patients in general, and in patients with 

severe acute pancreatitis in particular. Reduction of bacterial translocation can 

be achieved by maintaining normal gastrointestinal motility, preventing bacterial 

overgrowth, maintaining mucosal barrier function and by immunomodulation. The 

concept of prophylaxis with specifically designed, multispecies probiotics has 

several advantages over the use of prophylactic antibiotics.
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ABSTRACT

Background

Infection of pancreatic necrosis by gut bacteria is a major cause of morbidity and 

mortality in patients with severe acute pancreatitis. Use of prophylactic antibiotics 

remains controversial. 

Aim of this experiment was to assess if modification of intestinal flora with 

specifically designed multispecies probiotics (Ecologic®	 641) reduces bacterial 

translocation or improves outcome in a rat model of acute pancreatitis. 

Methods

Male Sprague-Dawley rats were allocated into three groups: 1) controls (sham 

operated, no treatment), 2) pancreatitis and placebo or 3) pancreatitis and probi-

otics. Acute pancreatitis was induced by intraductal glycodeoxycholate and intra-

venous cerulein infusion. Daily probiotics or placebo were administered intragas-

trically, five days before until seven days after induction of pancreatitis. Tissue and 

fluid samples were collected for microbiological and quantitative real-time PCR 

analysis of bacterial translocation. 

Results

Probiotics reduced duodenal bacterial overgrowth of potential pathogens (Log10 

colony forming units (CFU)/g 5.0 ± 0.7 (placebo) vs. 3.5 ± 0.3 CFU/g (probiotics), 

P < 0.05), resulting in reduced bacterial translocation to extra-intestinal sites, in-

cluding the pancreas (5.4 ± 1.0 CFU/g (placebo) vs. 3.1 ± 0.5 CFU/g (probiotics), 

 P < 0.05). Accordingly, health scores were better and late phase mortality was 

reduced (27% (4/15, placebo) vs. 0% (0/13, probiotics), P < 0.05).

Conclusions

This experiment supports the hypothesis that modification of intestinal flora with 

multispecies probiotics results in reduced bacterial translocation, morbidity and 

mortality in the course of experimental acute pancreatitis. 

INTRoDUCTIoN

Severe acute pancreatitis follows a biphasic clinical course. The early pro-

inflammatory phase is associated with systemic inflammatory response syndrome 

(SIRS), (multiple) organ damage and early mortality (< 1 week). The late phase is 

characterized by infectious complications following bacterial translocation of 

intestinal bacteria and late mortality (> 3 weeks).1-4 Infectious complications are 

frequently the cause of mortality in acute pancreatitis patients.1,5 

The use of prophylactic antibiotics to prevent infectious complications remains a 

topic of debate. A recent meta-analysis of six randomized controlled trials 

concluded that prophylactic antibiotics do not prevent infection of pancreatic 

necrosis or mortality in severe acute pancreatitis.6 Furthermore, increased 

concerns regarding the widespread use of prophylactic antibiotics associated 

complications (i.e. fungal infections or antibiotics resistance) have been reported.7-11 

Prophylactic probiotics have been suggested as an alternative to the use of 

prophylactic antibiotics.12,13 Beneficial effects of prophylactic probiotics for acute 

pancreatitis have been reported in animal experiments and clinical trails.12,14 Most 

studies on prophylactic probiotics however, have focused on a single probiotic 

strain for a variety of medical disorders. A recent report however, has advocated 

the use of specifically selected multiple probiotic strains.15 For optimal results, 

probiotic strains should be selected to target known pathophysiological aspects 

of the disorder addressed.16

Experimental and clinical studies have greatly increased the knowledge of the 

pathophysiology of bacterial translocation during acute pancreatitis. Three major 

steps in the sequence of bacterial translocation have been identified: 1) small 

bowel bacterial overgrowth, 2) mucosal barrier failure and 3) pro-inflammatory 

responses.17-23 These three phenomena occur early after the start of acute 

pancreatitis and cumulate into bacterial translocation and infectious complications. 

Based on these considerations, we have designed a mixture of six probiotic strains, 

especially selected to reduce small bowel bacterial overgrowth and reduce pro-

inflammatory immune responses. (Timmerman et	 al. Manuscript submitted for 

publication)

It is unknown if modification of the intestinal flora with such a multispecies probiotic 

mixture reduces bacterial translocation and consequently, alter the course of 

disease. Therefore, the aim of the present study was to assess if modification of 

intestinal flora by a specifically designed, multispecies probiotic mixture changes 

disease course using a well established rat model of acute pancreatitis.
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MATERIALS AND METHoDS

Animals

Male specific pathogen-free Sprague-Dawley rats, 250-350 grams (Harlan, Horst, 

The Netherlands) were kept under constant housing conditions (temperature 

(22°C), relative humidity (60%) and a 12-hour light/dark cycle) and had free access 

to water and food (RMH 1110, Hope Farms, Woerden, The Netherlands) throughout 

the experiment. Rats were allowed to adjust to these conditions for one week prior 

to surgery. The experimental design, shown in Figure 1, was approved by the 

institutional animal care committee of the University Medical Center, Utrecht, The 

Netherlands. Rats were randomized (1: 2: 2 relative group size computer generated 

randomization for the respective groups) between three experimental groups: 1) 

control animals (gastric cannula, sham pancreatitis, no treatment), 2) acute 

pancreatitis and placebo, and 3) acute pancreatitis and probiotics. In total, 10 rats 

were included in the control group, 21 rats in the placebo group, and 17 rats in the 

group given daily probiotics.

Probiotics and placebo

The study product (Ecologic®	 641, Winclove Bio Industries, Amsterdam, The 

Netherlands) consisted of viable and freeze-dried probiotic strains; 4 lactobacilli: 

Lactobacillus	acidophilus (W70),	Lactobacillus	casei (W56),	Lactobacillus	salivarius 

(W24),	Lactococcus	lactis (W58),	and two bifidobacteria: Bifidobacterium	bifidum	

(W23)	and Bifidobacterium	infantis (W52). The placebo product consisted of carrier 

substance only (corn-starch). Probiotics and placebo were packed in identical 

sachets and coded by the producer to guarantee blinding during the experiment. 

Directly before administration of the doses, the products were reconstituted in 

sterile water, for 15 minutes at 37°C. Single probiotics dose volume of 1.0 ml 

contained a total of 5 x 109 CFU bacteria. Probiotics or placebo were administered 

intragastrically through a permanent gastric cannula once daily, starting five days 

prior to induction of acute pancreatitis, and twice daily for six days after induction 

of acute pancreatitis.

Surgical procedures

All surgical procedures were performed on a heated operating table under general 

anaesthesia using a combination of 2% Isoflurane gas (flow: 0.5 l/min o2, 1.5 l/m 

air) through a snout-mask and intramuscular 0.3 ml 10% buprenonorphine 

(Temgesic, Reckitt Beckiser Healthcare Ltd., Hull, UK). All surgical procedures 

were performed with sterile instruments under strict aseptic conditions. Throughout 

the experiment random control swabs of the abdomen remained negative on 

bacterial cultures, ensuring external contamination did not occur. 

Gastric cannulation

At the start of the experiment, a permanent gastric cannula was fitted in all rats. 

Under general anesthesia, a 20 cm silicone cannula (outer diameter 1.65 mm, 

inner diameter 0.76 mm, Rubber, Amsterdam, The Netherlands) was tunneled 

subcutaneously from the abdominal wall to the back, penetrating the skin between 

the scapulae. A 1.5 cm midline laparotomy was made to insert the gastric end of 

the cannula into the stomach through a puncture within a purse-string suture on 

the greater curvature. The cannula was securely fixed and the abdomen was 

closed in two layers. The dorsal end of the cannula was kept in place between the 

scapulae using a rodent infusion jacket (Uno Zevenaar BV, Zevenaar, The 

Netherlands). Animals in the probiotics and placebo groups were allowed to 

recover for three days, prior to the start of daily probiotics or placebo 

administrations. 

Induction of acute pancreatitis 

Five days after starting daily administration of placebo or probiotics, acute 

pancreatitis was induced using the internationally well accepted model described 

by Schmidt et	 al.24 Briefly, during midline relaparotomy the papilla of Vater was 

Gastric
cannula

-8 Days -5 Days Day 0 Day 7

Twice daily probiotics or placebo

Pancreatitis

Daily probiotics or placebo

Experimental design. Eight days prior to induction of acute pancreatitis, a permanent gastric cannula was fitted. Probiotics or 
placebo were administered intragastrically through a permanent gastric cannula once daily, starting 5 days prior to induction of 
acute pancreatitis, and twice daily from days 1-7 after induction of acute pancreatitis. Seven days after induction of pancreatitis, 
surviving rats were anesthetized to allow sterile removal of organ and blood samples. Control animals did not receive administra-
tions through the gastric cannula and underwent a sham pancreatitis procedure only.

Figure 1
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cannulated transduodenally using a 24G Abbocath®-T i.v. infusion cannula 

(Abbott, Sligo, Republic of Ireland) (Figure 2). Before pressure monitored infusion 

(MMS, Enschede, The Netherlands) of 0.5 ml sterilized glycodeoxycholic acid in 

glycylglycine-NaoH-buffered solution (10 mmol/l, pH 8.0, 37°C, chemicals 

obtained from Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands), the 

common bile duct was clamped and bile and pancreatic fluid were allowed to 

drain through the cannula. No animals needed to be excluded for infusion 

pressures exceeding 35 mmHg. Directly after infusion, hepato-duodenal bile flow 

was restored by removal of the clamp. The puncture hole in the duodenum was 

carefully closed using an 8.0 polyprolene serosal suture (Figure 2). After closure 

of the abdomen in two layers, the right jugular vein was cannulated for continuous 

postoperative intravenous infusion of cerulein (5 μg/kg/hr, for six hours). The 

jugular vein cannula was fixed to the rodent infusion jacket and attached to a 

swivel system to provide unrestricted mobility of the rat during infusion. During the 

sham procedure in the control rats, the papilla of Vater was cannulated, the 

common bile duct was clamped, but no glycodeoxycholic acid was infused. A 

jugular vein cannula was fitted for six hours of intravenous saline infusion. After 

acute pancreatitis induction or sham procedure, pain relief was provided for 48 

hours by subcutaneous injections of 0.3 ml 10% buprenonorphine twice daily.

The clinical response of the rats after induction of acute pancreatitis was assessed 

using a 0-6 points scoring system: Grooming: normal = 2 points, decreased = 1 

point, none = 0 points. Mobility: normal = 2 points, decreased = 1 point, immobile 

= 0 points. Pain	posture: none = 2 points, arching (convex back and retraction of 

abdomen from floor) = 1 point, stretching (whole body is stretched out on floor, 

spine is straight and horizontal) = 0 points. Aspects of this scoring system are well 

recognized behavioral parameters expressing health or morbidity (including 

abdominal / visceral pain).25,26 According to Dutch animal welfare laws and local 

protocols of the animal ethics committee, daily assessments of these aspects are 

mandatory to monitor animal welfare throughout the experimental protocol. 

Indeed, two rats in the placebo group demonstrating signs of severe suffering and 

poor clinical prognosis (low health scores) were terminated on day six and added 

to the Kaplan-Meier statistic the same day.

Collection of tissue and fluid samples

on day seven, surviving rats were anesthetized to allow sterile removal of organ 

and fluid samples. To avoid cross-contamination, samples were taken under strict 

aseptic conditions in the following order: peritoneal fluid, blood (inferior vena 

cava), mesenteric lymph nodes (MLN), liver, spleen, pancreas and duodenum. 

After sample collection, rats were euthanized by blood loss. Samples were 

collected for microbiological analysis and portion of each sample and a segment 

of the ileum was snap frozen in liquid nitrogen and stored at -80°C for future 

analysis. Another portion of pancreatic samples was analyzed histopathologically, 

using standard hematoxilin and eosin (H&E) staining. Histopathological severity of 

acute pancreatitis was assessed based on the acute pancreatitis scoring system 

as previously described.27

Culture-based microbiological analysis for bacterial identification and 

quantification

All organ samples were weighed and processed immediately for quantitative and 

qualitative cultures of aerobic and anaerobic organisms. All organs were 

homogenized in cysteine broth with a sterile blender and cultured in 10-fold 

dilution series. The samples were cultured on bloodagar, MacConkey-agar (for 

Gram-negative strains), Columbia Colistin Nalidixic Acid (CNA) agar (for 

Schematic representation of the bile infusion model according to Schmidt et	al.24 The duodenum is held aside with a cotton wool 
stick (*), pv: portal vein. After clamping of the common bile duct the papilla of Vater is cannulated transduodenally for bile salt 
infusion (left panel). Directly after infusion, hepato-duodenal bile flow was restored by removal of the clamp. The puncture hole 
in the duodenum was sutured (right panel).

Figure 2



Chapter 8

156

Probiotics and bacterial translocation

157

staphylococci and streptococci), Man-Rogosa-Sharpe-agar (for lactobacilli) and 

Schaedler agar (for facultative anaerobic bacteria). The microorganisms were 

identified using standard microbiological techniques. For analysis of organ 

samples, cultured bacteria were subdivided in three groups: gram-positive cocci 

(GPC), gram-positive rods (GPR) and gram-negative rods / anaerobes (GNR 

+anear). Also, Hemolytic Streptococcus group B, Enterococcus spp., Staphy-

lococcus	 aureus, and	 Enterobacteriaceae	 such as Escherichia	 coli, Proteus	

mirabilis and Morganella	 morganii were categorized as potential pathogens. 

Bacterial counts are expressed as Log10 colony forming units per gram tissue 

(CFU/g) ± standard error of the mean. Threshold detection level of bacterial growth 

was >102 CFU/g. 

DNA isolation and real-time PCR assay for total bacterial quantification

DNA was isolated from mesenteric lymph nodes and pancreas homogenates 

using Fast DNA Spin Kit (Qbiogene, Inc, Carlsbad, CA, USA) as previously 

described.28 Subsequently, total bacterial quantification was performed employing 

16S rRNA gene-targeted primers, 968F (5’- AAC GCG AAG AAC CTT AC -3’) and 

R1401 (5’-CGG TGT GTA CAA GAC CC-3’). Real-time PCR was done on an iCycler 

IQ real-time detection system coupled to the iCycler optical system interface 

software version 2.3 (Bio-Rad, Veenendaal, The Netherlands). The reaction mixture 

(25 μl) consisted of 12.5 μl of IQ SYBR Green Supermix (Bio-Rad), 0.2 μM of each 

primer set, and 5 μl of the template DNA. The PCR conditions for total bacterial 

quantification were: 94 °C for 5 min, and 35 cycles of 94 °C for 30 sec, 56 °C for 20 

sec, 68 °C for 40 sec.29 Serially diluted genomic DNA of selected bacterial isolates 

was used as real-time PCR control for total bacteria quantification. PCR bacterial 

counts are expressed as Log10 cells per gram tissue (Cells/g) ± standard error of 

the mean.

Statistical analysis

Survival rates were analyzed with Kaplan-Meier analysis. Health scores and 

incidence of positive bacterial cultures were compared between groups using the 

non-parametric Mann-Whitney U test. Bacterial counts (cultures) and cell counts 

(PCR) were analyzed using t-tests for relevant subgroups (SPSS 12.0 statistical 

software, SPSS Benelux, Gorinchem, The Netherlands). Spearman’s rank 

correlation coefficients were computed for linear correlation analyses. Results are 

presented as mean ± standard error of the mean. Culture results are presented as 

mean Log10 colony forming units (CFU)/gram tissue and quantitative real-time PCR 

results as Log10 cells/gram tissue. Statistical significance was accepted when 2-

tailed P-values were below 0.05.

*
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Median health scores after induction of acute pancreatitis, of placebo rats ( ) and rats of the probiotics group (•). Bars represent 
25% - 75% interquartile range. Median health scores were improved by probiotics throughout days 1 to 7, with significant differ-
ences on days 1, 2 and 3 (* P < 0.05). Health scores of all rats were invariably 6 (maximum score) from day -5 until induction of 
acute pancreatitis (data not shown). The solid (probiotics) and dashed (placebo) lines are fitted to demonstrate an interpretation 
of the biphasic course of acute pancreatitis.

Figure 3
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RESULTS

Morbidity and mortality

After the start of daily placebo or probiotic administrations, physical behavior of all 

rats remained normal, resulting in maximal health scores from day -5 until day 0. 

The clinical response of the rats after induction of experimental pancreatitis 

followed a biphasic course. During the first 72 hours, the animals exhibited 

decreased grooming or motility and to some extent behavior associated with pain, 

despite analgesic administration during the first 48 hours. From days 3 to 5, 

surviving animals apparently recovered, evidenced by near to normal physical 

behavior. After day 5, rats deteriorated, resulting in a second decrease of health-

scores. Throughout days 1 to 7, median health scores of surviving rats were higher 

for rats in the probiotics group compared to those in the placebo group, with 

significant contrasts on days 1, 2 and 3 (median = 5 (range 3 – 6) vs. 4 (1 – 6),  

P = 0.020; 5 (4 – 6) vs. 4.5 (2 – 6), P = 0.034 and 6 (3 – 6) vs. 3 (1 – 5), P < 0.001, 

respectively). An interpretation of the biphasic course of acute pancreatitis is 

visualized by the curves superimposed on the median health scores shown in Figure 

3. In the pancreatitis groups, histological examination of the pancreatic samples 

revealed late sequelae of severe necrotizing acute pancreatitis (Figure 4). The 

extent of necrosis, hemorrhage, inflammatory infiltrate or fibrosis was comparable 

for the probiotics and placebo groups, suggesting rats of both pancreatitis groups 

were subject to acute pancreatitis of equal severity.

overall mortality due to acute pancreatitis was 37% (14/38). Mortality in the 

probiotics group was 24% (4/17) and 48% (10/21) in the placebo group (P = 0.16). 

Mortality within the first 24 and 48 hours was comparable between both groups 

(<24 hours: 12% (2/17) vs. 14% (3/21), < 48 hours: 24% (4/17) vs. 29% (6/21) for 

probiotics and placebo groups, respectively). However, late mortality (≥48 hours) 

did not occur in the probiotics group, resulting in a significant reduction of mortality 

compared to the placebo group (≥48 hours: 0% (0/13) vs. 27% (4/15) respectively, 

P = 0.049). The Kaplan-Meier survival curve for both pancreatitis groups is shown 

in Figure 5. Rats that died before the scheduled 7 days after induction of acute 

pancreatitis were not analyzed further, leaving 34 rats for bacteriological analysis 

(controls: n = 10, placebo: n = 11, probiotics: n = 13).

Figure 4
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Kaplan-Meier survival plot of placebo (dashed line) and probiotics groups (solid line). overall mortality placebo vs. probiotics:  
P = 0.16. Late mortality (≥ 2 days): P	< 0.05.

Figure 5

 (A) Normal pancreatic histology of control rats. (B) Histopathological sequelae of acute pancreatitis including destruction of 
acinar structures, fibrosis and a massive inflammatory infiltrate, 7 days after induction of acute pancreatitis. (H&E staining, 
100x)
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Duodenal bacterial overgrowth and bacterial translocation

Total bacterial counts and numbers of lactobacilli in the duodenum were not 

significantly affected by induction of acute pancreatitis or administration of 

probiotics (Figure 6). on the other hand, acute pancreatitis caused a significant 

increase in total counts of potential pathogens in the duodenum (Hemolytic 

Streptococcus group B, Enterococcus spp., Staphylococcus	 aureus, and	

Enterobacteriaceae	 such as	 Escherichia	 coli, Proteus	 mirabilis and Morganella	

morganii), compared to sham operated controls (5.0 ± 0.7 CFU/g vs. 2.9  ± 0.2 

CFU/g, P = 0.010). Most interestingly, probiotics prevented this duodenal bacterial 

overgrowth of potential pathogens (3.5 ± 0.3 CFU/g vs. 5.0 ± 0.7 CFU/g, for 

probiotics vs. placebo, respectively, P = 0.048). Most predominant effects of 

probiotics on duodenal flora were the reduction of enterococci and E.	coli (1.9 ± 

0.2 CFU/g vs. 2.8 ± 0.6 CFU/g, P = 0.159 and 2.0 ± 0.2 CFU/g vs. 3.4 ± 0.8 CFU/g, 

P = 0.032, for probiotics vs. placebo, respectively. Figure 6).

In rats of the placebo group, duodenal bacterial overgrowth correlated positively 

and significantly with bacterial translocation to the pancreas (R2 = 0.80, P = 0.001, 

Figure 7A). Strikingly, no correlation between duodenal bacterial overgrowth and 

infection of pancreatic necrosis was present in the probiotics group (R2 = 0.02,  

P = 0.829, Figure 7B).

Multispecies probiotics reduce bacterial translocation

The occurrence of bacterial infection of gram-positive cocci, gram-positive rods 

and gram-negative rods / anaerobes in peritoneal fluid and blood are shown in 

Table 1. Gram-negative rods / anaerobes were cultured less frequently in blood of 

rats of the probiotics group (0/13 vs. 4/11, P < 0.05). Induction of acute pancreatitis 

resulted in significant bacterial translocation to the mesenteric lymph nodes, 

spleen, liver and pancreas (Figure 8 A-E). Rats in the probiotics group demonstrated 

significantly lower counts of microorganisms cultured in spleen, liver and pancreas 

compared to rats of the placebo group (2.4 ± 0.3 CFU/g vs. 3.7 ± 0.5 CFU/g , P	= 

0.039; 2.8 ± 0.8 CFU/g vs. 4.6 ± 0.8 CFU/g, P	= 0.049; 3.1 ± 0.5 CFU/g vs. 5.4 ± 1.0 

CFU/g, P	 =	 0.042; respectively. Figure 8A). Bacterial counts of gram-positive 

cocci, gram-positive rods and gram-negative rods / anaerobes in the various 

abdominal organs are shown in Figures 8B-E. Absolute bacterial counts were 

lower in all tissues of the probiotics group compared to placebo, and reached 

significance for gram-positive cocci in the spleen and for gram-negative rods / 

anaerobes in the spleen and liver (2.3 ± 0.3 CFU/g vs. 3.5 ± 0.5 CFU/g,  

Table 1

Peritoneal fluid % (n) Blood % (n)

Bacterial group1 Controls
(n = 10)

Placebo
(n = 11)

Probiotics
(n = 13)

Controls
(n = 10)

Placebo
(n = 11)

Probiotics
(n=13)

GPC 10.0 (1) 36.4 (4) 23.1 (3) 0 (0) 18.2 (2) 7.7 (1)

GPR 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

GNR+Anaerobes 0 (0) 36.4 (4) 7.7 (1) 0 (0) 36.4 (4) 0 (0*)

*

E. coli

*

†

Total Lactobacilli Pathogens1 Enterococci
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Controls
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AP / Probiotics

Duodenum

Total duodenal bacterial counts and counts of lactobacilli, 1potential pathogens (Hemolytic Streptococcus group B, Enterococcus 
spp., Staphylococcus	aureus, and Enterobacteriaceae such as Escherichia	coli, Proteus	mirabilis and Morganella	morganii),  
E.	 coli,	 and enterococci. Acute pancreatitis resulted in bacterial overgrowth of potential pathogens († Controls vs. placebo:  
P < 0.05). Probiotics (dark grey bars) reduced bacterial counts of potential pathogens, mainly E.	coli, compared to placebo ( light 
grey bars). (* Placebo vs. probiotics: P < 0.05).

Figure 6

Incidence of bacterial infection of peritoneal fluid and blood in sham operated controls and rats with pancreatitis treated with 
placebo or probiotics. Numbers represent percentage and absolute numbers (n) of positive culture samples. 1GPC: gram-
positive cocci, GPR: gram-positive rods, GNR+anaerobes: gram negative rods + anaerobes. * Probiotics vs. Placebo:  
P < 0.05 (Mann-Whitney U Test)
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R2 = 0.80
P < 0.001

R2 = 0.02
P < 0.892
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Correlation between duodenal bacterial counts and bacterial counts in the pancreas for rats in the placebo (panel A) and probiot-
ics (panel B) group. In rats of the placebo group, there is a significant correlation between duodenal and pancreatic bacterial 
counts (P < 0.001), whereas in the probiotics treated group there is not (P > 0.05).

Figure 7
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(A) Total bacterial counts in mesenteric lymph nodes (MLN), spleen, liver and pancreas in control rats (white bars), placebo rats 
(light grey bars) and rats of the probiotics group (dark grey bars). (B-E) Bacterial counts of gram-positive cocci (GPC), gram-
positive rods (GPR) and gram-negative rods/anaerobes (GNR+anaer) in mesenteric lymph nodes (MLN; B), spleen (C), liver (D) 
and pancreas (E). * P < 0.05: placebo vs. Probiotics, † P < 0.05 controls vs. placebo.

Figure 8
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P = 0.026; 2.0 ± 0.1 CFU/g	vs. 3.0 ± 0.5 CFU/g, P = 0.032 ;  2.0 ± 0.1 CFU/g	vs. 3.1 

± 0.6 CFU/g, P = 0.022 ,	respectively. Figures 8C-D).

Escherichia	coli and Enterococcus spp. were the most predominant bacteria found 

in tissues of rats with acute pancreatitis. Administration of probiotics resulted in 

significantly reduced bacterial growth of both E.	 coli and enterococci in the 

mesenteric lymph nodes (1.9 ± 0.1 CFU/g vs. 2.6 ± 0.4 CFU/g, P = 0.045; 1.8 ± 

0.05 CFU/g	vs. 2.5 ± 0.3 CFU/g , P = 0.015, respectively). Pancreatic counts of E.	

coli and enterococci were numerically reduced by probiotics, but failed to reach 

significant differences (1.7 ± 0.01 CFU/g vs. 3.0 ± 0.7 CFU/g, P = 0.067; 1.7 ± 0.01 

CFU/g vs. 3.0 ± 0.7 CFU/g, P = 0.060, respectively). 

In line with the data obtained by bacterial culture, results of quantitative real-time 

PCR demonstrate lower bacterial translocation in the mesenteric lymph nodes and 

pancreas of rats in the probiotics group (5.9 ± 0.4 Cells/g vs.7.0 ± 0.1 Cells/g,  

P = 0.043, and  6.7 ± 0.3 Cells/g	 vs. 7.7 ± 0.3 Cells/g, P = 0.013, respectively,  

Figure 9).

DISCUSSIoN

This is the first study to assess the potential of a specifically designed multispecies 

probiotic mixture to reduce bacterial translocation during acute pancreatitis. In 

this paper we demonstrate that modification of intestinal flora with this probiotic 

mixture alters the course of experimental acute pancreatitis. Administration of the 

selected probiotic mixture resulted in 1) reduced duodenal overgrowth of 

pathogens, such as E.	coli, 2) reduced bacterial translocation to distant organs, 

including the pancreas, 3) improved clinical course and 4) reduced late mortality.

Results confirm our earlier reports that small bowel bacterial overgrowth during 

acute pancreatitis correlates with infection of pancreatic necrosis.17 Daily 

administration of probiotics did not increase the duodenal total count of lactobacilli. 

on the other hand, functionality of the administered probiotics is demonstrated by 

the significantly reduced numbers of potential pathogens in the duodenum, 

particularly E.	coli. Reduction of acute pancreatitis induced pathogen overgrowth 

in the small bowel resulted in reduced bacterial infection of pancreatic necrosis in 

rats of the probiotics group. Reduced presence of luminal pathogens may have 

had favorable effects on mucosal barrier function of the proximal small bowel, 

reducing bacterial translocation. However, effects of the selected probiotic mixture 

on mucosal barrier function remains to be investigated in additional experimental 

studies. Microbiological cultures demonstrated a significant decrease of bacterial 

growth in spleen, liver and pancreas in rats of the probiotics group. Confirming 

these results, quantitative real-time PCR detection of bacterial DNA revealed a 

significant decrease of bacterial translocation to mesenteric lymph nodes and 
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pancreas. Bacterial DNA is stable, and PCR based methods are highly sensitive 

and specific to detect minimal amounts of bacterial DNA in serum of patients with 

acute pancreatitis.30 This method detects not only viable, but also non-viable 

translocated bacteria, probably killed by the host immune system. Therefore, total 

bacterial load estimated by real-time PCR is higher than counts of viable 

microorganisms only. Moreover, average reduction of pancreatic bacterial load by 

probiotic prophylaxis was greater when analyzed by culture (> 2 Log) then by 

PCR (< 1 Log). Thus, reduction of viable bacteria cultured from pancreatic necrosis 

cannot be completely explained by an absolute reduction of bacterial translocation, 

as indicated by quantitative real-time PCR. It could be suggested that probiotic 

prophylaxis renders the immune system more capable to kill translocated bacteria 

in distant organs. In follow-up studies we are currently addressing effects of enteral 

probiotics on a wide panel of plasma cytokines to assess immune modulatory 

potential in the early and late phase of experimental acute pancreatitis.

Rats in the probiotics group showed less stress- or pain-associated behavior, 

demonstrated by objective improvement in the clinical course of experimental 

pancreatitis. Albeit a biphasic course in clinical presentation could still be identified 

in rats of the probiotics group, health scores were clearly improved compared to 

placebo rats. Moreover, probiotic prophylaxis numerically reduced overall mortality 

of acute pancreatitis, and a significant reduction was observed in late phase 

mortality. In humans, infectious complications are held accountable for late phase 

mortality.2,5 In line with these reports, reduced infectious complications in probiotic 

treated rats were associated with reduced late phase mortality in the present 

experiment. Probiotics did not affect histological severity, assessed seven days 

after induction of acute pancreatitis. Early phase histological changes were not 

assessed.

The experimental design of the present study aimed to assess the effect of gut 

flora modulation by probiotics on the course of experimental acute pancreatitis, 

using bacterial translocation as a major outcome parameter. Therefore, rats were 

pretreated with the selected probiotics or placebo. In experimental acute 

pancreatitis, timing of the start of treatment remains a challenging issue. The 

course of acute pancreatitis in rats is approximately 3 to 6 times faster than in 

man.31-33 This leaves only a small treatment-window between onset of disease and 

occurrence of complications, potentially leading to false negative results if 

treatment is started after induction of pancreatitis. For this reason treatment started 

before induction of acute pancreatitis in many other studies.32,34,35 Also, for 

probiotics in particular, assessment of their efficacy by pretreatment is an accepted 

experimental method to provide proof of principle.36 We emphasize that results of 

the present experiment do not necessarily reflect potential results if treatment is 

started after the onset of acute pancreatitis in general, and potential clinical 

success or validity in particular.

For a prophylactic strategy to be effective, it should intervene with the 

pathophysiology of bacterial translocation during acute pancreatitis as early as 

possible. The exact pathophysiology of bacterial translocation, infection of 

pancreatic necrosis and the ensuing systemic effects is still not fully understood. 

Yet, the sequence of some major pathophysiological aspects has been clarified. 

Early after the onset of acute pancreatitis, neurohormonal effects result in reduced 

small bowel motility.17 This causes stasis of luminal contents and small bowel 

bacterial overgrowth with potential pathogens, including E.	coli	and Enterococcus 

species. The abundant presence of luminal pathogens forms a challenge for the 

mucosal barrier. Furthermore, pancreatitis associated reduced intestinal blood 

flow results in mucosal ischemia and reperfusion damage.37-39 Luminal bacteria, 

normally held at bay by the mucosal barrier, now have opportunity to penetrate 

into the intestinal epithelium. Local intestinal inflammation follows, further 

compromising mucosal barrier function. Pancreatitis and ensuing intestinal 

inflammation both contribute to a systemic pro-inflammatory response (Systemic 

Inflammatory Response Syndrome, SIRS), with damaging effects on distant 

organs.40,41 If the systemic response is severe, multiple organ dysfunction syndrome 

(MoDS) might follow.42,43 If the patient survives the early phase, counter regulatory 

immunological pathways releasing anti-inflammatory cytokines result in a refractory 

state characterised by immunosuppression.44,45 Persistent immunosuppression 

will render the patient liable for infection of pancreatic necrosis. MoDS caused by 

infectious complications is considered accountable for so-called late mortality or 

“late septic death”.44,46

With this pathophysiology of local and systemic events during severe acute 

pancreatitis in mind, six probiotic strains were selected for this study. Selection of 

strains was based on their in	vitro antibacterial and immunomodulatory properties. 

(Timmerman HM, et	al., manuscript in preparation) Lactobacillus	acidophilus	and 

Lactobacillus	salivarius	were selected for their ability to suppress growth of E.	coli	

and enterococci. Bifidobacterium	infantis also demonstrated antimicrobial effects. 
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Lactococcus	lactis	and Bifidobacterium	bifidum	demonstrated immune-modulating 

properties, including decreasing pro-inflammatory and increasing anti-inflammatory 

immune-responses. Finally, Lactobacillus	casei demonstrated both antimicrobial 

and immune-modulating properties.

In thorough reviews on the use of animal models of acute pancreatitis, the used 

model was preferred to examine pathophysiology of bacterial translocation and 

for testing treatment strategies.31 Resemblance to human acute pancreatitis with 

regard to bacteriological results, reaction to treatment, and disease course are the 

major advantages.24,31 The transduodenal approach to the biliopancreatic duct for 

bile salt infusion is often suggested to be a major drawback of the model for its 

potential to introduce bacteria in pancreatic tissue. However, results of the control 

group in the present study once more confirm that transduodenal cannulation of 

the biliopancreatic duct does not result in bacterial contamination of any concern 

to study outcome. Because of its demonstrated value, the model has previously 

been applied in many experiments testing the value of antibiotics during acute 

pancreatitis.32,33,47,48 

Experimentally, prophylactic antibiotics reduced overgrowth of E.	 coli and 

enterococci in the small bowel, resulted in significantly reduced bacterial 

translocation to distant organs, including the pancreas, and reduced mortality.4,32 

Unfortunately, clinical results of prophylactic antibiotics were not as successful . In 

a recent placebo-controlled double blinded clinical trial, Isenmann et	 al. 

demonstrated that prophylactic antibiotics (ciprofloxacin/metronidazole) showed 

no effect on bacterial infection of pancreatic necrosis or clinical outcome.49  

A recent meta-analysis confirmed these findings.6 Furthermore, concerns on 

prophylactic use of broad-spectrum antibiotics have been expressed, including 

increased incidence of nosocomial infections with resistant bacteria or fungi.7-9,50-55 

In this context, specifically selected multispecies probiotics as presented in this 

study, may be a novel and potentially effective alternative. However, as was 

demonstrated by the contrast between experimental and clinical results of 

antibiotics in acute pancreatitis, the clinical value of specifically selected 

multispecies probiotics remains to be proven. For this reason, the Dutch Acute 

Pancreatitis Study Group embarked on a randomized double blind placebo-

controlled multicenter trial on prophylactic multispecies probiotics in patients with 

predicted severe acute pancreatitis.56

In summary; modification of intestinal flora with multispecies probiotics, especially 

designed to address pathophysiology of bacterial translocation, resulted in 

reduced small bowel bacterial overgrowth, bacterial translocation to distant organs 

and associated morbidity and late mortality in experimental acute pancreatitis.
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ABSTRACT

Background

Mortality during severe acute pancreatitis generally occurs early or late. Early 

mortality occurs as a consequence of fulminant systemic inflammation, whereas 

late mortality can be attributed to secondary infection of necrotic pancreatic 

tissue. Aims of this study were to correlate plasma levels of various cytokines and 

chemokines to outcome, and secondly, to assess the effect of probiotic modulation 

of intestinal flora on systemic cytokine levels.

Materials and methods

Pancreatitis was induced in rats by intraductal infusion of bile salt followed by i.v. 

cerulein hyperstimulation. Rats were administered a mixture of 6 probiotic strains 

(Ecologic® 641) or placebo for five days prior to and seven days after induction 

of pancreatitis. Plasma cytokine levels were determined before, and 6 hours, 

24 hours and 7 days after induction of pancreatitis. Total bacterial counts were 

performed by cultivation as well as by cultivation-independent rt-PCR in pancreatic 

necrosis at day 7.

Results

Specific ‘cytokine signatures’ were found during the course of acute pancreatitis 

which are predictive of either early mortality due to the severity of acute pancreatitis 

(IL-6, IL-10, CxCL1) or bacteraemia potentially causing late mortality (IL-1β, IL-

10, TNF-a). An early and self-resolving IL-10 response occurred in animals 

protected from early mortality, whereas sustained IL-10 levels were associated 

with bacteraemia. Administration of probiotics  resulted in marginally lower levels 

of pro-inflammatory cytokines and improved outcome: reduced mortality or 

bacteraemia. 

Conclusions 

Specific pro-inflammatory and regulatory cytokine combinations are predictive 

for outcome of experimental acute pancreatitis. Their value as biomarkers for the 

effectiveness of probiotics however, is limited. 

INTRoDUCTIoN

Acute pancreatitis is usually a mild and self-limiting disease, but in a minority of 

the cases it develops into a severe disease, with high morbidity and mortality.1 

The critical initiating event is the premature activation of digestive enzymes within 

pancreatic acinar cells, leading to tissue autodigestion and a local inflammatory 

response.2 Shortly after the initial injury, inflammatory cells, mainly neutrophils, 

infiltrate the pancreas perpetuating the local inflammatory process causing 

production of pro- and anti-inflammatory cytokines.3,4 In patients with severe acute 

pancreatitis, this may lead to a systemic inflammatory response syndrome (SIRS) 

causing damage to remote organs and ultimately: multiple organ failure (MoF). 

Mortality in acute pancreatitis follows a biphasic curve. About 50% of overall 

mortality occurs within the first week of hospital admission due to SIRS induced 

MoF.5 In the vast majority, early mortality is a consequence of severe lung injury 

that closely resembles the acute respiratory distress syndrome (ARDS).6 Patients 

with severe acute pancreatitis who survive this initial phase often develop extensive 

pancreatic necrosis. Furthermore, the acute hyperinflammation activates counter 

regulatory pathways releasing anti-inflammatory cytokines, ultimately resulting in 

a refractory state characterized by immuno-suppression.7,8 Persistent immuno-

suppression renders the patient liable for subsequent infection of pancreatic 

necrosis. MoF caused by infectious complications is considered accountable for 

so-called late mortality (>2 weeks).9

Intestinal flora plays a key role in the course of acute pancreatitis. Early in the course 

of acute pancreatitis, overgrowth of potential pathogens in the intestinal lumen is 

associated with loss of intestinal mucosal barrier function. Increased intestinal 

permeability is associated with translocation of luminal bacteria and endotoxins 

to the systemic compartment, referred to as bacterial translocation. Endotoxemia 

occurs in virtually all patients with severe acute pancreatitis and causes a further 

release of pro- and anti-inflammatory cytokines potentially contributing to the 

development of severe SIRS or late phase immuno-suppression. Translocation of 

intestinal bacteria is primarily held responsible for infection of pancreatic necrosis 

in the late phase of acute pancreatitis, but may also contribute to SIRS in the early 

phase.10-13 

There is increasing evidence that modulation of intestinal flora by probiotics has 

the potential to prevent loss of gut barrier integrity, typically seen in inflammatory 

bowel diseases.14,15 This effect may partially be explained by the capacity of 
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probiotics to quench inflammatory responses within the intestinal mucosa.16 

Gerbitz et	al. showed in an experimental model of acute graft-versus-host disease 

that probiotic therapy reduced bacterial translocation and consequently reduced 

mucosal injury, the incidence of acute graft-versus-host disease and mortality.17 

These results suggest that probiotic treatment ameliorates intestinal inflammation, 

and may exert anti-inflammatory effects beyond mucosal surfaces. Indeed, 

modulation of the systemic inflammatory response by probiotic bacteria has been 

reported.18 It has not been fully elucidated whether modulation of intestinal flora 

by selected probiotics has the potential to modify the systemic cytokine response. 

If so, it is unknown whether this would improve the outcome during the course of 

experimental acute pancreatitis. 

To address the impact of acute pancreatitis on the systemic immune response, 

we used a well established rat model with close resemblance to the biphasic 

clinical course of severe acute pancreatitis in humans.19,20 A broad panel of 

plasma cytokines and chemokines was analyzed during the early and late phase 

of acute pancreatitis and was correlated to outcome being mortality, bacteraemia 

or total bacterial load in pancreatic necrosis. Furthermore, we studied the effect of 

probiotic modulation of intestinal flora on plasma cytokine levels in the early and 

late phase of acute pancreatitis. 

MATERIALS AND METHoDS

Animals

Male specific pathogen-free Sprague-Dawley rats, 250-350 grams (Harlan, Horst, The 

Netherlands) were kept under constant housing conditions (ambient temperature, 

60% relative humidity and a 12-hour light/dark cycle) and had free access to water 

and food (RMH 1110, Hope Farms, Woerden, The Netherlands) throughout the 

experiment. Rats were allowed to adjust to these conditions for one week prior to 

surgery. The experimental design, shown in Figure 1, was approved by the Animal 

Experiments Ethical Committee of the University Medical Center, Utrecht. Rats were 

randomized between two experimental groups. In total, 17 rats were included in the 

probiotics group, and 21 rats were assigned to the placebo group.

Probiotics and placebo

The study product (Ecologic® 641, Winclove Bio Industries BV, Amsterdam, 

The Netherlands) consisted of 6 different viable, freeze-dried probiotic strains; 

Bifidobacterium	 bifidum	 (W23), Bifidobacterium	 infantis	 (W52),	 Lactobacillus	

acidophilus	 (W70),	 Lactobacillus	 casei	 (W56),	 Lactobacillus	 salivarius	 (W24) and 

Lactococcus	 lactis	 (W58). The placebo product consisted of carrier substance 

only (corn-starch). Probiotics and placebo were packed in identical sachets and 

coded by the producer to guarantee blinding during the experiment. Directly before 

administration of the doses, the products were reconstituted in sterile water, for 15 

minutes at 37°C. A single probiotic dose in a volume of 1.0 ml contained a total 

of 5.0 x 109 colony forming units (CFU). Probiotics or placebo were administered 

intragastrically through a permanent gastric cannula once daily, starting five days 

prior to induction of acute pancreatitis, and twice daily for six days after induction of 

acute pancreatitis (Figure 1).

Surgical procedures

All surgical procedures were performed on a heated operating table under general 

anesthesia using a combination of 2% Isoflurane gas (flow: 0.5 l/min o2, 1.5 l/m air) 

through a snout-mask and intramuscular 0.3 ml 10% buprenonorphine (Temgesic, 

Reckitt Beckiser Healthcare Ltd., Hull, UK). All surgical procedures were performed 

with sterile instruments under strict aseptic conditions. Throughout the experiment, 

random control swabs of the abdomen remained negative upon microbiological 

culture, ensuring external contamination did not occur. 

Gastric
cannula

-8 Days -5 Days Day 0 Day 7

Blood
sampling 0h

6h
24h 7d

Twice daily probiotics or placebo

Pancreatitis

Daily probiotics or placebo

Experimental design. 8 Days prior to induction of acute pancreatitis, a permanent gastric cannula was fitted. Probiotics or pla-
cebo were administered intragastrically through a permanent gastric cannula once daily, starting 5 days prior to induction of 
acute pancreatitis, and twice daily from days 1-7 after induction of acute pancreatitis. Plasma cytokine levels were determined 
before and 6 hours, 24 hours and 7 days after induction of acute pancreatitis.

Figure 1
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Gastric cannulation 

Three days prior to the start of probiotics or placebo administrations, a permanent 

gastric cannula was fitted. Under general anesthesia, a 20 cm silastic cannula 

(outer diameter 1.65 mm, inner diameter 0.76 mm, Rubber, Amsterdam, The 

Netherlands) was tunneled subcutaneously from the abdominal wall to the back, 

penetrating the skin between the scapulae. A 1.5 cm midline laparotomy was made 

to insert the gastric end of the cannula into the stomach through a puncture within 

a purse-string suture on the greater curvature. The cannula was securely fixed and 

the abdomen was closed in two layers. The dorsal end of the cannula was kept 

in place between the scapulae using a rodent infusion jacket (Uno Zevenaar BV, 

Zevenaar, The Netherlands).

Induction of acute pancreatitis 

Five days after starting daily administration of probiotics or placebo, acute 

pancreatitis was induced as described by Schmidt et	al.20 Briefly, during midline 

relaparotomy the papilla of Vater was cannulated transduodenally using a 24G 

Abbocath®-T i.v. infusion cannula (Abbott, Sligo, Rep. of Ireland). Before pressure 

monitored infusion of 0.5 ml glycodeoxycholic acid in glycylglycine-NaoH-buffered 

solution (10 mmol/l, pH 8.0, 37°C, chemicals obtained from Sigma-Aldrich Chemie 

BV, Zwijndrecht, The Netherlands; pressure monitoring: MMS Nederland BV, 

Enschede, The Netherlands), the common bile duct was clamped and bile and 

pancreatic fluid were allowed to drain through the cannula. No animals needed to 

be excluded for infusion pressures exceeding 35 mm Hg. Directly after infusion, 

hepato-duodenal bile flow was restored by removal of the clamp. The puncture 

hole in the duodenum was carefully closed using an 8.0 prolene serosal suture. 

After closure of the abdomen in two layers, the right jugular vein was cannulated 

for continuous intravenous infusion of cerulein (5 μg/kg/hr, for six hours).

Collection of tissue and fluid samples 

Blood samples were taken immediately before (t = 0 hours), and 6 hours, 24 hours 

and 7 days after induction of acute pancreatitis. on day seven, surviving rats were 

anesthetized to allow sterile removal of organ and fluid samples. To avoid cross-

contamination, samples were taken in the following order: peritoneal fluid, blood 

(inferior vena cava), mesenteric lymph nodes (MLN), liver, spleen, pancreas and 

duodenum. After sample collection, rats were euthanized by blood loss. Samples 

were collected for microbiological analysis and a portion of each sample was snap 

frozen in liquid nitrogen and stored at -80 °C for future analysis. 

Microbiological analysis

organ and blood samples were weighed and processed immediately for 

quantitative and qualitative cultures of aerobic and anaerobic organisms. All 

organs were homogenized in cysteine broth with a sterile blender and cultured 

in 10-fold dilution series. The samples were cultured on bloodagar, MacConkey-

agar (for Gram-negative strains), Columbia Colistin Nalidixic Acid (CNA) agar 

(for staphylococci and streptococci), Man-Rogosa-Sharpe-agar (for lactobacilli) 

and Schaedler agar (for facultative anaerobic bacteria). The microorganisms 

were identified, using standard microbiological techniques. Bacterial counts are 

presented as log10 in colony forming units per gram tissue (CFU/g). Threshold 

detection level of bacterial growth was >102 CFU/g. 

DNA isolation and real-time PCR assay for total bacterial quantification

DNA was isolated from pancreas homogenates using Fast DNA Spin Kit (Qbiogene, 

Inc, Carlsbad, CA) as previously described.21 Subsequently, total bacterial 

quantification was performed employing 16S rRNA gene-targeted primers, 968F 

(5'- AAC GCG AAG AAC CTT AC -3') and R1401 (5'-CGG TGT GTA CAA GAC CC-

3').22 Real-time PCR was performed on an iCycler IQ real-time detection system 

coupled to an iCycler optical system interface software version 2.3 (Bio-Rad, 

Veenendaal, The Netherlands). A reaction mixture (25 μl) consisted of 12.5 μl of 

IQ SYBR Green Supermix (Bio-Rad), 0.2 μM of each primer set, and 5 μl of the 

template DNA. PCR conditions for total bacterial quantification were: 94 °C for 5 

min, and 35 cycles of 94 °C for 30 sec, 56 °C for 20 sec, 68 °C for 40 sec.22 Serially 

diluted genomic DNA of selected bacterial isolates was used as real-time PCR 

control for total bacterial quantification.

 

Multiplex cytokine assays

Plasma cytokine levels of interleukin-1a (IL-1a), IL-6, IL-12p70, IL-18, γ-interferon (IFN-

γ), CxCL1 (growth related oncogene; GRo/KC) and CCL2 (Monocyte chemoattractant 

protein-1; MCP-1) were analyzed using a rat cytokine multiplex assay from Linco 

Research, Inc. (St. Louis, Mo, USA) according to the manufacturer’s instructions. 
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Plasma cytokine levels of IL-1β, IL-2, IL-10, tumor necrosis factor-a (TNF-a) were 

analyzed using a rat cytokine multiplex assay from Bio-Rad Laboratories (Hercules, 

CA, USA) according to the manufacturer’s instructions. Cytokines were measured 

in 50 μl of plasma. 

Statistical analyses 

All the cytokine data were transformed (square root) to obtain normal distribution of 

the data. When significant differences (P < 0.05) were detected, differences were 

evaluated with a Student’s t-test using the GLM procedure of SAS (SAS Institute, 

2000). Differences between two population variances were compared with a 

two sample test for variances. Incidence of positive blood or organ cultures was 

evaluated by means of a Χ2 test. Cox regression analysis (R 2.1.1, R foundation for 

statistical computing, Vienna, Austria) was used to correlate plasma cytokine levels 

and probiotic treatment with mortality, and mortality combined with bacteraemia at 

day 7 after pancreatitis. Cox regression was used to investigate whether plasma 

cytokine levels or treatment were related to mortality, and to mortality combined 

with day 7 bacteraemia. Hazard ratios (HRs) and their 95% confidence interval (CI) 

were computed to quantify the relative risk of individual factors over time. Due to the 

low number of events, no more then two explanatory variables were included in the 

model. The level of statistical significance was preset at P < 0.05. 

RESULTS

Mortality and bacteraemia

Administration of probiotics improved outcome, being mortality or bacteraemia 

on day 7, by a factor 2.5 (Hazard ratio 0.37, P = 0.039, Table 1). Early mortality 

(<24 hours) was not affected by probiotics (12% (2/17 placebo) vs. 14% (3/21, 

probiotics). on the other hand, late mortality (≥ 48 hours in the rat model), which is 

clinically attributed to secondary infectious complications, was significantly reduced 

by prophylactic probiotics (Table 2). Bacterial translocation to blood (bacteraemia) 

and pancreatic tissue was significantly reduced by probiotics (Table 2). 

Cytokine plasma levels in the acute phase of acute pancreatitis

Acute pancreatitis resulted in a significant rise in plasma levels of IL-6, IL-

10, CxCL1 and CCL2 as early as 6 hours after induction in the placebo group  

(Figure 2). The pro-inflammatory cytokine IL-6 and the anti-inflammatory cytokine 

Table 1

Variable1 Hazard ratio 95% confidence interval P

Outcome is mortality

Probiotic 0.50 0.250

IL-1a 1.81 0.96-3.42 0.067

IL-1β 1.84 0.59-5.72 0.290

IL-6 3.51 1.66-7.44 0.001

IL-10 1.95 1.08-3.54 0.027

GRo 2.19 1.14-4.20 0.019

TNF-a 1.62 0.95-2.76 0.074

outcome is mortality or bacteraemia at day 7

Probiotic 0.37 0.039

IL-1a 1.30 0.90-1.88 0.160

IL-1β 2.17 1.18-3.99 0.013

IL-6 1.49 1.11-2.02 0.009

IL-10 2.07 1.34-3.20 0.001

GRo 2.05 1.25-3.37 0.005

TNF-a 1.78 1.16-2.74 0.008

Cox hazard univariable model for plasma cytokine levels and probiotic treatment as predictors of outcome (mortality and 
mortality / bacteraemia). 1All the cytokine data were transformed (natural logarithm).

Table 2

Placebo Probiotics P

Mortality (n) 10 / 21 4 / 17 0.16

Mortality ≥ 48 hours (n) 4 / 15 0 / 13 0.049

Bacteraemia (n) 5 / 11 1 / 13 0.037

Pancreatic bacterial count 5.4 ± 1.0 3.1 ± 0.5 0.042

Mortality, bacteraemia and pancreatic bacterial counts in rats of the placebo and probiotics groups. Pancreatic bacterial 
counts are presented as mean log10 CFU/g ± SEM.
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Time course of the pro-inflammatory cytokine IL-6, anti-inflammatory cytokine IL-10 (A), and the chemokines CxCL1 and CCL2 
(B) in plasma of rats in the placebo group before (0 hours) and 6 and 24 hours after pancreatitis. Values are means ± SEM. 
*P<0.05, **P<0.01, ***P<0.001 compared to baseline values.

Figure 2
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IL-10 levels subsequently decreased towards baseline levels at 24 hours. on the 

contrary, peak plasma levels of the chemokines CxCL1 and CCL2 were observed 

after 24 hours. Plasma levels of IL-1a (6 hours), IL-12p70 (6 hours) and IL-18 (24 

hours) were also increased, but failed to reach statistically significance (P < 0.10). 

High levels of pro- and anti-inflammatory cytokines (SIRS) may result in severe 

organ injury causing mortality. The risk of fatal outcome of the pancreatitis was 

significantly predicted by high plasma levels of IL-6, IL-10 and CxCL1 [Hazard ratio 

(95% confidence interval) = 3.51(1.66-7.44), 1.95 (1.08-3.54) and 2.19 (1.14-4.20)] 

(Table 1). Mortality within the first 6 and 24 hours was significantly associated with 

high plasma levels of IL-6 after 6 hours of pancreatitis (Figure 3). IL-1a, IL-12p70 

and IL-18 levels tended to be lower in animals which did not survive the first 24 

hours of pancreatitis. Mortality after 24 hours was preceded by significantly higher 

plasma levels of IL-1a, IL-6, IL-10, CxCL1 and CCL2. Most interestingly, a divergent 

pattern for plasma levels of IL-10 was detected between surviving animals and 

animals that died after 24 hours. A significant increase of IL-10 at 6 hours (P < 

0.02) followed by a fast decline to baseline levels at 24 hours was associated with 

survival, whereas a delayed and significantly higher IL-10 response after 24 hours 

was found in the late mortality animals. 

Administration of probiotics resulted in an overall decrease of plasma cytokine levels 

(Figure 4) and pancreatitis-associated mortality (hazard ratio 0.50; P= 0.25).

Before induction of pancreatitis, significantly lower plasma levels of IL-10 were 

observed in the probiotic group. During pancreatitis, plasma levels of CxCL1 

returned to baseline values in the probiotic group after 6 hours, whereas upregulation 

was observed in the placebo group (P < 0.05). Similar observations were made 

for TNF-a, albeit not statistically significant. Furthermore, the degree of variation in 

plasma levels of different pro-inflammatory cytokines in the placebo group after 6 

hours (IL-12p70, IL-18) and 24 hours (IL-1a, IL-18, CxCL1, TNF-a) was significantly 

lower in probiotics group (P < 0.05), indicating that probiotic pretreatment results 

in a more uniform cytokine response with a narrower bandwidth. 
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Cytokine plasma levels in the late phase of acute pancreatitis

After surviving the early phase of excessive inflammation, counter regulatory 

pathways become activated resulting in immuno-suppression. Infection of 

pancreatic necrosis, potentially leading to dissemination of bacteria to other 

organs, will perpetuate the systemic inflammatory response and MoF accounting 

for so called late mortality. High plasma levels of IL-1β and TNF-a appear to be 

significant predictors of bacteraemia [Hazard ratio 2.17 (1.18-3.99) and 1.78 

(1.16-2.74)] based on comparison with the Cox regression model only predicting 

mortality (Table 1). The most prominent elevation was observed for IL-1β. This pro-

inflammatory cytokine was slightly upregulated during the acute phase, but mean 

plasma levels after 7 days were increased 6-fold (44.9 ± 8.3 and 62.2 ± 8.9 vs. 

387.9 ± 127.2 pg/ml; P < 0.001) and significantly associated with the presence of 

bacteraemia (Figure 5). Most interestingly, plasma levels of the anti-inflammatory 

cytokine IL-10 were significantly elevated in animals with a positive blood culture. 

Figure 6 shows the association between plasma levels of IL-10, viable counts 

of bacteria (culture) and total bacterial concentration measured by quantitative 

real-time PCR in pancreatic necrosis. Increasing amounts of circulating IL-10 are 

associated with the appearance of viable bacteria in pancreatic necrosis, and 

extreme values lead to uncontrollable infection, evidenced by high viable and total 

bacterial counts in pancreatic necrosis. Furthermore, a high total bacterial load 

also occurred in animals with low plasma levels of IL-10, but apparently immuno-

suppression was not present since no viable microorganisms could be cultured. 

These data suggest that a predominantly anti-inflammatory state is associated 

with persistent infection. 

Time course of the pro-inflammatory cytokines IL-1a, IL-6, IL-12, Il-18, TNF-a, the anti-inflammatory cytokine IL-10, and the chemo-
kines CxCL1 and CCL2 in plasma of placebo treated rats before (0 hours) and 6, 24 hours after pancreatitis. Different subgroups 
were made according the time of death (alive, , n = 11; dead < 24 hours, , n = 3; dead > 24 hours, , n = 7). Values are 
means ± SEM. *P<0.05, **P<0.01 compared to means of other groups. 

Figure 3
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Figure 4
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The occurrence of bacteraemia was effectively prevented by probiotics (5/11 

vs. 1/13 animals; P = 0.037). overall, mean plasma levels for all pro- and anti-

inflammatory cytokines tested were lower in the probiotic group (Figure 7; and 

data not shown). The probiotic induced reduction of circulating TNF-a levels was 

most evident, but failed to reach statistical significance (P = 0.08). Plasma levels 

of IL-10 were generally lower in the probiotic group compared to placebo, and did 

not correlate with viable bacterial counts in pancreatic necrosis. 
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Plasma cytokine levels after 7 days of pancreatitis in the presence (+) or absence (-) of bacteraemia. Box and whisker plots with 
mean plasma levels of the pro-inflammatory cytokines IL-1β, TNF-a, the anti-inflammatory cytokine IL-10, and the chemokine 
CxCL1. *P<0.05 compared to means of other groups.
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DISCUSSIoN

The present study demonstrates that in the early and late phase of experimental 

acute pancreatitis specific systemic cytokine signatures can be detected which 

are predictive of either mortality due to severity of pancreatitis (IL-6, IL-10 and 

CxCL1) or bacteraemia potentially causing late mortality (TNF-a , IL-1β and IL-10). 

Also, modulation of intestinal flora by enteral probiotics, prior to induction of acute 

pancreatitis prevented the occurrence of unfavorable hyper- and hyporesponsive 

immune responses.

An early phase increase in serum IL-6, CxCL1 and IL-10, which can be 

interpreted as SIRS, was highly predictive of mortality. The rats that died within 

the first 24 hours demonstrated the highest IL-6 responses measured at 6 hours. 

However, also before induction of pancreatitis (t = 0 hours) plasma levels of IL-

6 were higher in these rats compared to survivors. Elevated IL-6 levels before 

induction of pancreatitis could indicate a complication or incomplete recovery of 

gastric cannulation at t = -8 days. on the other hand, macroscopic inspection, 

microbiological cultures, nor post-mortem analysis provided any indication for an 

inflammatory process associated with the gastric cannula. Alternatively, individual 

animals may vary in the magnitude of the inflammatory response to a given 

invasive procedure. Consequently, high IL-6 producer phenotype might succumb 

more easily to pancreatitis. 

In humans, IL-6 and CxCL-8 were reported to be early and excellent predictors 

of pancreatitis severity.23-26 Since there is no direct homologue of CxCL-8 in the 

rat, plasma levels of CxCL1, a potent neutrophil chemoattractant and activator 

like CxCL-8, were assessed. High levels of CxCL1 measured at 24 hours were 

associated with mortality. Experimentally, neutralization of CxCL1 significantly 

reduced neutrophil infiltration in the lungs and protected against lung injury, but 

not against pancreatic damage in a rat model of acute pancreatitis.27 Accordingly, 

acute pancreatitis induced lung injury may be the cause of mortality in rats with 

high CxCL1 levels at 24 hours in the present study. 

Characteristic early phase patterns of IL-10 levels were associated with survival or 

mortality. An early increase followed by a quick return to baseline values was observed 

in surviving animals, whereas a slow and progressing IL-10 response preceded 

mortality. Similar observations have been made in patients with pancreatitis: an 

adequate and self-resolving IL-10 response was observed in patients with mild 

pancreatitis, in contrast to delayed and sustaining IL-10 levels in severe pancreatitis 

patients.28 Even in a mild model of acute pancreatitis, endogenous IL-10 reduced the 

development of pancreatic inflammation and necrosis.4 Blockade of IL-10 resulted 

in more severe and earlier occurring histological changes in the pancreas.4 This 

suggests that an effective anti-inflammatory response early in the course of acute 

pancreatitis may help in regulating and limiting events promoting inflammation 

and necrosis.4 In the present animal model we observed dramatic differences in 

IL-10 responses between 6 and 24 hours. Clinically, the prognostic value of IL-10 

may be improved by multiple time-point sampling to assess IL-10 kinetics in the 

early phase of acute pancreatitis. A slow and sustaining IL-10 response during 

the early phase of acute pancreatitis predisposed for bacteraemia during the late 
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phase. This suggests there is an opposing role of IL-10. Firstly, in the early phase, 

endogenous production of high levels of IL-10 (this study) or administration of 

exogenous IL-10 prevents overwhelming production of pro-inflammatory cytokines 

causing collateral damage to the host.4,29-31 Secondly, in the late phase, most pro-

inflammatory cytokines quickly return to baseline values and counter-regulatory 

pathways become activated (particularly involving IL-10) leading to immuno-

suppression or a so-called state of immunoparalysis.8 Although this phenomenon 

has been described for various clinical and experimental studies, only limited 

human data exist on the relation between IL-10 and development of sepsis during 

acute pancreatitis.25,32-36 A reliable marker of immunoparalysis in severe acute 

pancreatitis is decreased surface expression of HLA-DR on monocytes.37,38 Severe 

acute pancreatitis has been associated with a low proportion of HLA-DR-positive 

monocytes on presentation, or a rapid decline thereafter.39 In patients ultimately 

developing sepsis this proportion remains low, whereas a progressive return to 

normal values could only be seen in non-septic patients.40 Persistent high levels 

of circulating IL-10 were strongly associated with diminished HLA-DR expression 

on monocytes.41 Thus, IL-10 induced hyporesponsiveness of monocytes might 

explain the observed association of high plasma cytokines levels of IL-10 and 

the inability of the immune system to cope with continuous microbial invasion in 

pancreatic necrosis.

In addition to IL-10, high late phase levels of pro-inflammatory mediators (IL-1β, 

IL-6, TNF-a and CxCL1) also significantly correlated with the onset of bacteraemia. 

The Cox risk analysis model revealed that IL-1β and TNF-a were independent 

predictors of bacteraemia whereas they were not significantly associated with 

mortality as the sole outcome. Plasma levels of IL-1β were moderately elevated in 

the early phase of pancreatitis (24 hours), but were increased 6-fold on day 7 and 

specifically in animals with bacteraemia. In human subjects, the role of TNF-a and 

IL-1β as predictors of pancreatitis severity is poor. TNF-a has a short plasma half-

life because of rapid hepatic clearance from portal blood before TNF-a reaches 

systemic circulation.42 Detection of systemic IL-1β during acute pancreatitis might 

be hampered similarly, whereas local concentrations in ascites were increased 

100-fold compared to peak serum concentrations in humans with severe acute 

pancreatitis.25 In case of bacteraemia, cytokine production may become more 

systemic and result in higher plasma levels of TNF-a and to a greater extent IL-1β. 

Accordingly, high circulating levels of TNF-a were detected in a small group of 6 

patients with severe acute pancreatitis and ARDS, with the majority of these patients 

suffering either from infected necrosis or an associated bacterial pneumonia.43 

In the animals treated with probiotics, generally lower mean plasma levels for all 

cytokines were found at 6 hours, 24 hours and 7 days after pancreatitis. However, 

only plasma levels of CxCL1 were significantly lower in the probiotic group. This 

could have prevented the excessive activation of neutrophils and associated organ 

damage. 

In the present model, large intra- and interindividual variation in plasma cytokine 

levels during the early phase of pancreatitis was observed. Administration of 

probiotics significantly reduced the interindividual variation of key pro-inflammatory 

cytokines, resulting in prevention of hyper- and hyporesponsive immune responses. 

Moderate SIRS is presumed beneficial to the host.44 Apparently the continued 

administration of probiotics resulted in a normalization of the immune responses 

causing the improvement of outcome being mortality or bacteraemia at day 7. The 

observed high variation in plasma cytokine levels may be caused by inflammatory 

mediators derived from the intestine. Early in the course of acute pancreatitis 

derangement in gut barrier function correlates to translocation of endotoxins or 

viable bacteria.45-47 Bacterial translocation may occur as early as 8 hours after 

onset of acute pancreatitis and activates local inflammatory cells and contributes 

to circulating levels of plasma cytokines.48 Probiotics significantly reduced bacterial 

translocation in the present experiment. The reduction of bacterial translocation 

by probiotics may explain why 24 hours after induction of acute pancreatitis, 

plasma levels of TNF-a (activation of resident gut macrophages) and CxCL-1 

(intestinal infiltration of neutrophils) returned to baseline levels in the probiotic 

group, whereas they did not in placebo treated rats. 

Surprisingly, the administration of probiotics was associated with a reduction in 

plasma levels of IL-10, whereas previous in	vitro studies have shown that probiotics 

are potent inducers of IL-10.49 Such a discrepancy may be due to the difference in 

sampling site and location of probiotic activity. Probiotics are capable of dampening 

the inflammatory response as a consequence of invading bacteria, thereby possibly 

reducing the need for compensatory production of anti-inflammatory cytokines 

as measured in the systemic circulation.50 Ideally, cytokine levels should have 

been quantified in target tissue to better assess the immunological consequences 

of probiotic therapy. However, invasive procedures required to obtain relevant 

samples for cytokine quantification will be of very limited clinical value.
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In summary, during the course of severe acute pancreatitis in rats, specific 

cytokine signatures predictive of outcome (early or late mortality, bacteraemia) 

could be identified. Modulation of intestinal flora by probiotics resulted in only 

modest changes in systemic cytokine responses. on the other hand, the observed 

reduction in viable bacteria cultured from pancreatic necrosis cannot simply be 

explained by a complete reduction in bacterial translocation as indicated by the 

total bacterial load of viable and killed micro-organisms. This might suggest that 

probiotics have significant systemic effects, demonstrated by a reduction of the 

occurrence of immunoparalysis. 
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ABSTRACT

Background

Intestinal mucosal barrier dysfunction during the early phase of acute pancreatitis 

is associated with systemic inflammatory response syndrome (SIRS) and acute 

respiratory distress syndrome (ARDS). Late phase mucosal barrier dysfunction is 

associated with translocation of luminal bacteria to extra-intestinal sites, resulting in 

infectious complications. Aims of this study were to assess early and late mucosal 

barrier function and to measure if multispecies probiotics can diminish mucosal barrier 

dysfunction in a murine model of experimental acute pancreatitis.

Materials and methods

Daily probiotics or placebo were administered to male CD-1 mice from 2 days prior 

to cerulein induced acute pancreatitis (hourly intraperitoneal injections, 50 µg/kg, for 

10 hours) until termination 11 hours (early phase) or 3 days (late phase) after the first 

injection. Mucosal barrier function of the distal ileum was assessed by measurement 

of epithelial electrical resistance and permeability (steady state transepithelial flux of 

0.01 gr/l Na-fluorescein) in Ussing chambers. 

Results

Epithelial resistance was reduced in the early phase of acute pancreatitis (R = 25 

± 1.4 Ω.cm2 (mean ± SEM) vs. 35 ± 2.0, P	<	0.001, acute pancreatitis vs. healthy 

controls), without effects of placebo or probiotics. Late phase ileal epithelial resistance 

was reduced and permeability increased (R = 28 ± 1.4 vs. 35 ± 2.0, P	=	0.021; flux 

= 400 ± 34 ng/cm2/h vs. 211 ± 13, P	=	0.001, acute pancreatitis vs. healthy controls). 

Probiotics abolished late phase mucosal barrier dysfunction (R = 26 ± 2.6 vs. 35 ± 

1.8, P	=	0.003; flux = 427 ± 60 vs. 246 ± 32, P	=	0.003, placebo vs. probiotics). 

Conclusions	

Early and late phase changes to mucosal barrier function occur in this mouse model of 

acute pancreatitis. Whereas early phase changes were not affected, the used regime 

of selected multispecies probiotics abolished late phase mucosal barrier dysfunction. 

Strengthening of mucosal barrier function by multispecies probiotics may be a 

mechanism to reduce infectious complications during acute pancreatitis.

INTRoDUCTIoN

Systemic events that complicate the clinical course of acute pancreatitis can be 

divided into an early pro-inflammatory phase and a late immuno-suppressive 

phase.1-4 Mortality occurs during both phases of severe acute pancreatitis. Early 

mortality (within the first week after onset of the disease) often results from systemic 

inflammatory response syndrome (SIRS) induced multiple organ failure (MoF), 

including acute respiratory distress syndrome (ARDS) as a major component of MoF.2 

The majority of late mortality (after two weeks) is caused by MoF initiated by infectious 

complications resulting from bacterial translocation from the intestinal lumen.4

In patients with severe acute pancreatitis, the intestinal mucosal barrier plays a 

pivotal role in the pathophysiology of early and late phase systemic complications.5 

Intestinal permeability correlates with severity of acute pancreatitis and, more 

importantly, is predictive for the occurrence of MoF.5 Early after the onset of acute 

pancreatitis, changes in splanchnic hemodynamics reduce intestinal blood flow and 

neurohormonal changes result in reduced small bowel motility, eventually leading 

to small bowel bacterial overgrowth (SBBo).6-9 Reduced intestinal blood flow and 

the presence of luminal pathogens form a challenge to the intestinal mucosal 

barrier. Failure of the mucosal barrier allows luminal pathogens and endotoxins to 

penetrate the intestinal epithelium causing local intestinal inflammation.5

Pro-inflammatory factors derived from the pancreas and intestine drain into 

the systemic circulation and into mesenteric lymph, contributing to SIRS, and 

potentially leading to MoF. Lymphatic drainage of pancreatic and intestinal pro-

inflammatory factors collects in the thoracic duct. Anatomically, the lungs form 

the first capillary bed exposed to these lymphatic pro-inflammatory factors.10,11 Via 

this pathway, intestinal mucosal barrier failure is held partly responsible for ARDS 

and lung-injury associated mortality.10,11 Acute pancreatitis-associated lung injury 

is considered the cause for the majority of early phase mortality. 2,12,13

In the late phase of acute pancreatitis, counter-regulatory immunological pathways 

releasing anti-inflammatory cytokines lead to in a refractory state characterised by 

immuno-suppression.3,14 Persistent immuno-suppression, small bowel bacterial 

overgrowth and mucosal barrier failure render the patient liable for bacterial 

translocation causing infectious complications (e.g. infection of pancreatic 

necrosis) associated with sepsis and late mortality. Infectious complications 

during the late phase are the main cause for morbidity and mortality in patients 

with severe acute pancreatitis.15-17
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In recent experiments using a rat model of acute pancreatitis, our study group 

demonstrated that prophylactic multispecies probiotics did not improve survival 

in the early phase of the disease, but significantly reduced bacterial translocation 

to extra-intestinal sites, and reduced late mortality. Microbiological analysis of 

duodenal contents showed that late phase small bowel bacterial overgrowth 

was significantly reduced by probiotics (Chapter 8). The effects of probiotics on 

mucosal barrier function and lung injury however, remained to be explored. 

To study the effects of probiotics on mucosal barrier function and lung injury during 

the course of acute pancreatitis, we used the well-established mouse model of 

cerulein-induced acute pancreatitis. This mouse model is characterized by acinar 

necrosis, pancreatic neutrophil infiltration as well as early phase lung injury 

identified by neutrophil sequestration and alveolar damage.18 Ussing chambers 

are a widely accepted tool for measurement of mucosal barrier function in the 

form of permeability and electrical resistance of intestinal epithelium either from 

humans or rats.19-22 Several investigations with rat models of acute pancreatitis 

have used Ussing chambers to study mucosal barrier function, but this is the first 

study to measure intestinal permeability and electrical resistance in the mouse 

model of cerulein-induced acute pancreatitis.9,23-25

Therefore, aims of the present study were 1) to assess the effects of acute 

pancreatitis on intestinal permeability and electrical resistance in mice and 2) to 

measure the effects of probiotics on mucosal barrier function and lung injury in the 

early and late phase of acute pancreatitis.

MATERIALS AND METHoDS

Animals

Male CD-1 mice, 25-35 grams (Harlan, Horst, The Netherlands) were kept under 

constant housing conditions (temperature (22°C), relative humidity (60%) and 

a 12-hour light/dark cycle) and had free access to water and food (RMH 1110, 

Hope Farms, Woerden, The Netherlands) throughout the experiment. The mice 

were allowed to adjust to these conditions for one week prior to the start of the 

experiments. The experimental design was approved by the institutional animal 

care committee of the University Medical Center, Utrecht, The Netherlands. 

Two experimental protocols were performed: 1) early phase: termination 11 hours 

after start of acute pancreatitis induction, 2) late phase: termination 3 days after 

the start of induction of acute pancreatitis. In each protocol, mice were randomized 

into three groups: 1) acute pancreatitis (no treatment, 2) placebo and acute 

pancreatitis, 3) probiotics and acute pancreatitis (Figure 1). In addition to these 

experimental groups, control groups (no treatment, no pancreatitis) were included 

in each protocol to establish and to control for potential variation in baseline 

characteristics of intestinal and pulmonary parameters. Preliminary experiments 

comparing pancreatic, intestinal and pulmonary parameters between control mice 

and sham acute pancreatitis mice (11 hourly intraperitoneal injections with 0.1 

ml sterile saline) demonstrated no measurable effects of the sham procedure (P 

> 0.306) on any of these parameters. Therefore, sham groups were not further 

included in the experiments described in this paper. Experimental groups and 

numbers of mice included are shown in Table 1.

Probiotics and placebo

The study product (Ecologic® 641, Winclove Bio Industries BV, Amsterdam, The 

Netherlands) consisted of viable, freeze-dried probiotic strains; 4 lactobacilli: 

Lactobacillus	acidophilus (W70),	Lactobacillus	casei (W56),	Lactobacillus	salivarius 

Early AP

day 0

AP

+11 hrs

Sampling

-2 days -1 day day 0

AP

Daily placebo or probiotics

+11 hrs

Sampling

Early AP placebo / probiotics

Sampling

day 0 +1 day +2 days +3 days

AP
Late AP

-2 days -1 day day 0 +1 day +2 days +3 days

Daily placebo or probiotics

Sampling
AP

Late AP placebo / probiotics

Schedule of early and late phase experimental protocols.

Figure 1
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(W24),	Lactococcus	lactis (W58),	and two bifidobacteria: Bifidobacterium	bifidum	

(W23)	and Bifidobacterium	infantis (W52). The placebo product consisted of carrier 

substance only (corn-starch). Probiotics and placebo were packed in identical 

sachets and coded by the producer to guarantee blinding during the experiment. 

Directly before administration of the dose, the products were reconstituted in sterile 

water for 15 minutes at 37°C. Single probiotics dose volume of 0.5 ml contained a 

total of 2.5 x 109 colony forming units (CFU) of bacteria. Probiotics or placebo were 

administered intragastrically by oral gavage once daily, starting two days prior to 

induction of acute pancreatitis. In the late phase experiments, daily oral gavages 

were continued after induction of acute pancreatitis.

Induction of acute pancreatitis and collection of tissue samples 

Mice were given hourly intraperitoneal injections of 0.1 ml saline containing 50 

µg/kg cerulein (Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands) to 

induce pancreatitis, for 10 consecutive hours. In the early phase groups, mice 

were terminated one hour after the last injection (11 hours after the start of acute 

pancreatitis induction). In the late phase groups, mice were terminated 3 days 

after the start of acute pancreatitis induction. Mortality due to acute pancreatitis 

did not occur.

To ensure that the quality of the ileum sample used for permeability measurements 

was not influenced by analgesics or anesthetics, mice were terminated by cervical 

dislocation. Immediately after collection of the ileum sample, it was prepared for 

Ussing chamber measurements. Meanwhile, additional samples were collected: 

lung, duodenum, jejunum, additional ileum, colon and pancreas. of each sample 

a portion was snap frozen in liquid nitrogen for future analysis. Samples of lung 

and pancreas were fixated in 4% formaldehyde for histopathological analysis. 

Measurement of epithelial electrical resistance and permeability in Ussing 

chambers

Immediately after termination, a 4 cm segment of the distal ileum was removed 

and rapidly cleaned in a carbogenated (humidified 95% o2 plus 5% Co2) Krebs-

Ringer’s solution. The tissue was placed on a pipette, gently stripped of the 

muscle layers and cut along the mesenteric border. Flat sheets of mucosa free 

of Peyer’s patches were put in teflon holders and mounted in Ussing chambers 

within 5 minutes after being cut-off of the blood supply. Silicone grease was used 

to prevent leakage between the plastic holders and the tissue. In each Ussing 

chamber experiment, six ileal samples (three per animal) were used. The exposed 

mucosal area was 0.2 cm2. Both sides of the epithelium were in contact with 1.6 

ml Krebs-Ringer’s solution, stirred and gassed with humidified 95% o2 + 5% Co2 

at 37 ˚C. The Krebs-Ringer’s solution was composed of 117.5 mmol/L NaCl, 5.7 

mmol/L KCl, 25 mmol/L NaHCo3, 1.2 mmol/L NaH2Po4, 2.5 mmol/L CaCl2, 1.2 

mmol/L MgSo4 and 5 mmol/L inosine, pH 7.4. 

The transepithelial potential difference (Vte; mV) was continuously monitored with 

Calomel electrodes (Fisher Scientific UK Ltd, Leicestershire, UK) connected to 

the chambers with Krebs-Ringer-agar bridges. The tips of these bridges were 

placed at less than 1 mm from the epithelium in the middle of the exposed area. 

Transepithelial electrical resistance (R; Ω.cm2) was calculated according to ohm’s 

law from the voltage deflections induced by bipolar constant current pulses of 10 

μA (every 30 seconds) applied through platinum wires at a distance of 2 cm from 

the epithelium. The potential and resistance data were stored on a PC using custom 

software (Natural Simstrument, Amsterdam, The Netherlands). During off-line data-

analysis, corrections were made for resistance of the solution in the chambers 

Table 1

Pancreas-score Lung-score

Group Product n Median (range) P - value Median (range) P - value

Controls none 16 0 (0 - 0) 5 (5 - 6)

Early AP none 16 4 (0 - 8) 0.002* 9 (4 - 10) 0.038*

Early AP placebo placebo 15 5 (0 - 8) 8.5 (8 - 10)

Early AP probiotcs probiotics 14 5 (0 - 8) 0.827† 9 (7 - 11) 0.417†

Late AP none 13 3 (0 - 5) 0.004* 6  (5 - 9) 0.284*

Late AP placebo placebo 14 3 (1 - 6) 5 (0 -11)

Late AP probiotics probiotics 18 3 (1 - 5) 0.688† 5 (0 -11) 0.285†

Experimental groups, administered product, number of mice included and histopathology scores of pancreas and lung 
tissue of all mice. AP: acute pancreatitis. * compared to controls, † compared to placebo (Mann-Whitney U).
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and for potential differences between Calomel electrodes, both measured directly 

before as well as just after each experiment. The equivalent short-circuit current 

(Isc) was calculated from the continuously monitored values of R and Vte. Reported 

values for the parameters Vte, R and Isc were obtained at the end of a 15 to 20 min 

equilibration period. Generally, these values were stable during the subsequent 2 

hour experiment. At the end of the experiment, viability of the tissue segments was 

tested by measuring their response to application of the secretagogue carbachol 

in the serosal compartment (final concentration 10-4 M).

Paracellular mucosal-to-serosal permeability was determined using Na-fluorescein 

(NaFl; Sigma, Zwijndrecht, The Netherlands) as a model molecule.26 After the 

equilibration period, NaFl dissolved in Krebs-Ringer’s solution was added to the 

mucosal compartment to a final concentration of 0.01 g/l. A mucosal sample 

was immediately collected to verify the initial concentration NaFl in the mucosal 

chamber. over the 2 hour incubation period, 200 μl serosal samples were taken 

every 15 minutes and the same volume was replaced by oxygenated Krebs-Ringer. 

The concentration of NaFl in the serosal bath was determined by measuring 

fluorescence of the samples in a fluorometer (Polarstar Galaxy fluorescence multi-

well plate reader, BMG LABTECH GmbH, Jena, Germany), with 485 nm and 530 nm 

as excitation and emission wavelengths, respectively. A calibration curve relating 

measured fluorescence intensity to concentration NaFl was prepared for each 

experiment. Cumulative corrections were made for previously removed samples in 

determining the total amount permeated. After application of NaFl to the mucosal 

compartment, the NaFl-flux increased linearly over a period of 45 to 60 min, 

after which it reached a steady level. Steady state NaFl-flux was quantified and 

expressed as ng/cm2.h. For each animal average values of electrophysiological 

parameters and NaFl-flux were calculated from simultaneous measurements of 3 

ileal tissues. 

Myeloperoxidase assay

The degree of neutrophil sequestration in lung samples was assessed by 

measurement of tissue myeloperoxidase (MPo) content, as described by Bradley 

et	al.27 Briefly, samples stored at -80°C were put in liquid nitrogen, before being 

pulverized and then weighed. Pulverized material was homogenized in 0.5% 

hexadecyltrimethyl-ammonium bromide (HTAB) in 50 mM potassium phosphate 

buffer, pH 6.0, to provide a 10% homogenate (w/v). Samples were freeze-thawed 

and sonicated on ice. Suspensions were centrifuged at 14.000×g, for 15 minutes. 

The detection of MPo was based on its ability to degrade hydrogen peroxide. 

The MPo activity was determined by mixing 50 μL of supernatant with 1.45 mL 

of 50 mM potassium phosphate buffer containing 0.167 mg/mL of o-dianisidine 

hydrochloride. The reaction was started by addition of hydrogen peroxide to a final 

concentration of 0.0005% and was measured spectrophotometrically. Change in 

absorbance at 460 nm was measured every 15 seconds for 5 minutes using a 

Genesys 10 UV spectrophotometer from Thermo Spectronic (Rochester, NY, 

USA). 

Histological analysis

Lung and pancreas samples, fixed in 4% formaldehyde, were embedded in paraffin, 

cut and stained with hematoxilin and eosin (H&E). Severity of acute pancreatitis 

and pulmonary injury were assessed by one investigator, blinded for sample study 

group, according to Demols et	 al. and Lightner et	 al., respectively.28,29 Briefly, 

three variables were scored to assess severity of acute pancreatitis: edema (0 = 

none, 1 = focal interlobular, 2 = interacinar), inflammation (0 = none, 1 = ductal 

infiltrate, 2 = ≤ 50% parenchymal infiltration, 3 = > 50% parenchymal infiltration), 

necrosis (0 = none, 1 = < 5% periductal, 2 = 5-20% focal, 3 = > 20% diffuse). 

Severity of lung injury was assessed by four parameters: neutrophil infiltration 

(score: 0 (none) - 4 (severe)), alveolar edema (0 - 4), interstitial edema (0 - 4) and 

extravascular blood (0 - 4).

Statistical analysis

Parametric data are expressed as mean ± standard error of the mean (SEM). 

Statistical comparisons between multiple groups were performed by one-way 

analysis of variance (ANoVA) followed by post hoc analysis (Bonferonni corrected 

Fisher’s Least Significant Difference (LSD) analysis) when ANoVA yielded 

significance. 

Non-parametric data (histology scores) are expressed as median (range). 

Comparisons between two or multiple groups were analyzed using the Mann-

Whitney U or Kruskal-Wallis tests (SPSS 12.0 statistical software, SPSS Benelux, 

Gorinchem, The Netherlands). Statistical significance was accepted for P values 

< 0.05.



Chapter 10

214

Probiotics and mucosal barrier function

215

RESULTS

Severity of acute pancreatitis

Mortality due to acute pancreatitis did not occur. Severity of acute pancreatitis at 

11 hours and 3 days, assessed by pancreatic histopathology, is shown in Table 1 

and Figure 2. In the early and late phase, severity was equal between the acute 

pancreatitis groups (P = 0.750 and P = 0.704, respectively). At 11 hours, acute 

pancreatitis was characterised by diffuse interlobular edema, inflammatory infiltrate 

in < 50% of parenchyma and up to 20% necrosis of acinar cells. Three days after 

induction of pancreatitis, edema, inflammatory infiltrate and necrosis were less 

pronounced.

Acute pancreatitis-associated lung injury

Lung injury was observed in the early phase of acute pancreatitis. Histological 

assessment demonstrated neutrophil infiltration, exudate in alveoli, edema in 

alveolar septae, and extravascular blood in mice with acute pancreatitis (Table 

1, Figure 3). Increased neutrophil infiltration was confirmed by MPo analysis in 

pulmonary tissue (MPo = 0.29 ± 0.04 nmol/min/mg vs. 0.10 ± 0.02, P < 0.001, 

acute pancreatitis vs. controls, respectively. Figure 4A). Pulmonary MPo content 

was equal between the early phase pancreatitis groups (P = 0.144. Figure 4A), 

suggesting that probiotics have no effect on early phase acute pancreatitis 

associated lung injury. 

In line with earlier reports, pulmonary changes had recovered to baseline values 

3 days after induction of acute pancreatitis.30 Late phase pulmonary MPo values 

showed no differences between the experimental groups (P = 0.242. Figure 4B). 

These findings were confirmed by histological analysis of late phase pulmonary 

tissue (Table 1, Figure 3).

Preparations in Ussing chambers

Ten out of 399 ileal tissue samples (2.5 %) were excluded from analysis because 

the carbachol-induced increase in Vte was below 0.2 mV or the increase in Isc 

smaller than 20% of basal Isc. Furthermore, in 14% (58/399) of ileal tissues the 

NaFl-flux reached a value higher than 1056 ng/cm2.h within 15 minutes. These 

tissues were presumed mechanically damaged during preparation and therefore 

excluded from further analysis.

(A) Normal pancreatic histology. (B) Pancreatic histopathology, 11 hours after the start of induction of acute pancreatitis. Up to 
20% of acini demonstrate necrosis, approximately 50% of parenchyma is contains inflammatory infiltrate. (C) 3 days after the start 
of induction of acute pancreatitis: edema, inflammatory infiltrate and necrosis are less pronounced and recovery is showing. 
(H&E staining, 100x)

Figure 2

(A) Normal pulmonary histology. (B) Pulmonary histopathology, 11 hours after the start of induction of acute pancreatitis. 
Neutrophil infiltrate, alveolar and interstitial edema are prominent. (C) 3 days after the start of induction of acute pancreati-
tis histophatology is less pronounced, closely resembling healthy pulmonary tissue. (H&E staining, 400x)

Figure 3
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Electrical transepithelial resistance values in preparations of healthy control 

mice (R = 35 ± 2.0 Ω.cm2) were comparable to values for murine small intestine 

reported previously by Schulzke et	al. (R = 36 ± 5.0 Ω.cm2).31 Furthermore, values 

for transepithelial potential (Vte = 0.99 ± 0.08 mV) and equivalent short-circuit 

current (Isc = 30.7 ± 2.09 μA.cm-2) also can be considered an indication of an 

overall good condition of the tissue samples. As expected, the Isc reported here 

for the stripped murine ileum is higher than that reported for unstripped murine 

ileum preparations (Isc = 5.0 ± 1.1 μA.cm-2).31,32 Good condition of preparations 

was confirmed by the observation that the tissues responded to application of 

the secretagogue carbachol with a relatively large increase in Vte (1.24 ± 0.15 

mV) and Isc (increase with 94 ± 10 % of basal Isc). Unfortunately, no data from 

literature on murine ileum NaFl-flux are available for comparison. Steady state flux 

of NaFl in distal ileum preparations of healthy control mice (209 ± 13 ng/cm2.h) 

however, was comparable to the mean flux reported for small intestine of guinea-

pigs (estimated to be 260 ng/cm2.h).26

Early phase epithelial electrical resistance and permeability

Acute pancreatitis resulted in adverse changes to ileum epithelial electrical 

resistance at 11 hours after onset of pancreatitis compared to controls (R = 25 

± 1.4 Ω/cm2 vs. 35 ± 2.0, P < 0.001, acute pancreatitis vs. controls, Figure 5A). 

This reduced epithelial resistance during the early phase was observed in all three 

pancreatitis groups and did not differ between pancreatitis groups (P = 0.46), 

indicating that prophylactic probiotics have no effect on early phase epithelial 

resistance of the ileum. 

Epithelial permeability was not affected early after induction of acute pancreatitis 

compared to controls (Flux = 304 ± 40 ng/cm2/h vs. 211 ± 13, P = 0.061, acute 

pancreatitis vs. controls). Also for this parameter, no differences were observed 

between the three acute pancreatitis groups (P = 0.974. Figure 5B)

Late phase epithelial electrical resistance and permeability 

Three days after induction of acute pancreatitis, epithelial resistance was reduced 

to a similar degree as during the early phase (R = 28 ± 1.4 vs. 35 ± 2.0, P = 

0.021, acute pancreatitis vs. controls, Figure 6A). During the late phase, acute 

pancreatitis resulted in an increased mucosal permeability (Flux = 400 ± 34 vs. 

211 ± 13, P = 0.001, acute pancreatitis vs. controls, respectively. Figure 6B). 

Most interestingly, significant differences were detected between the probiotics 

and placebo groups. In mice of the probiotics group, pancreatitis-induced 

epithelial resistance and permeability changes completely resolved to healthy 
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(A) Early phase transepithelial resistance (R) is reduced in mice with acute pancreatitis. Placebo or probiotics show no effect. (B) 

Early phase epithelial permeability (NaFl-flux) is not increased in mice with acute pancreatitis, without effects of placebo or pro-
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control values. Thus, epithelial resistance was higher (R = 35 ± 1.8 vs. 26 ± 2.6, P 

= 0.003, probiotics vs. placebo, Figure 6A), and epithelial permeability was lower 

(Flux = 246 ± 32 vs. 427 ± 60, P = 0.003, probiotics vs. placebo, Figure 6B) in 

mice of the probiotics group, compared to mice of the placebo group. 

DISCUSSIoN

This is the first study to measure mucosal barrier function and to assess the effect of 

prophylactic probiotics in the mouse model of cerulein-induced acute pancreatitis. 

Major findings are that prophylactic multispecies probiotics do not reduce mucosal 

barrier dysfunction or lung injury in the early phase of acute pancreatitis, but 

completely prevent or resolve late phase mucosal barrier dysfunction. 

In contrast to the model of acute pancreatitis in rats previously used by our group 

(intraductal perfusion of glycodeoxycholic acid and postoperative intravenous 

cerulein hyperstimulation, Chapters 8 and 9), mice with cerulein-induced acute 

pancreatitis are not critically ill and mortality does not occur. Like the rat model 

and in man, the mouse model follows a biphasic course of acute pancreatitis. In 

the present study, both phases were confirmed by early phase changes to the 

pancreas and lungs which were largely resolved in the late phase. These findings 

are in line with earlier reports in literature. According to these reports, pulmonary 

and pancreatic injury can be detected within hours after the first cerulein injection 

with a peak within 12 hours.33-35 After 24 hours, parameters of lung injury return 

to baseline levels.33 Also, it has been reported that three days after induction of 

acute pancreatitis, serum pancreatic enzyme levels have resolved and pancreatic 

histology shows recovery of acinar damage.30 Taking into account that disease 

course of acute pancreatitis is more rapid in small rodents, timing of the early 

and late phase of acute pancreatitis could well correlate with the natural course of 

acute pancreatitis in humans.36-38

Mucosal barrier function seems to follow a different time course than pancreatic 

and pulmonary changes. A reduction of epithelial resistance occurred in the early 

phase, whereas epithelial permeability was not yet affected. Three days after 

induction of acute pancreatitis, pancreatic and pulmonary samples show recovery, 

whereas epithelial resistance and permeability changes were more extensive at 

this time than in the early phase. 

Prophylactic probiotics did not counteract early phase changes in mucosal barrier 

function. Early phase mucosal barrier failure partly results from hemodynamic 

changes in splanchnic circulation.6,9 one can hypothesize that prophylactic 

probiotics do not affect splanchnic hemodynamics and therefore do not prevent 

ischemic mucosal damage. Consequently, changes in early phase mucosal 

barrier function or associated lung injury are not affected by probiotics. Small 

bowel bacterial overgrowth and ongoing mucosal inflammation are considered to 

be present in the late phase (Chapters 7 and 8) and to be responsible for adverse 

changes in mucosal barrier function.36,39-41 In this phase, prophylactic multispecies 

probiotics, selected for their anti-microbial and anti-inflammatory properties, 

completely maintained or restored mucosal barrier function to the level of healthy 

controls.

These results are in line with earlier experiments in a rat model of severe acute 

pancreatitis (Chapters 8 and 9). In those experiments, early phase SIRS and 

mortality were not affected by probiotics. In the late phase however, small bowel 

bacterial overgrowth, bacterial translocation and mortality were significantly 

reduced in rats of the probiotics group. The present study confirms that probiotics 

do not significantly alter early phase events, but show beneficial effects in the 

late phase. The exact working mechanisms of probiotics in the course of acute 

pancreatitis remain to be elucidated.
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In the present experiments, fluorescein was used as a marker molecule to study 

changes in epithelial permeability. The molecular size of fluorescein is similar 

to, or even larger than bacterial products with profound inflammatory potential 

(such as lipopolysaccharides). It should be kept in mind that permeability to 

biological active substances is not merely determined by their molecular size but 

by many molecular interactions between the substance and the gut epithelium. 

Bacterial translocation involves passage of bacteria through the gut epithelial 

barrier. Whether intact, viable bacteria can pass through gut epithelium can not be 

concluded from our experiments.

In summary, in the mouse model of cerulein-induced acute pancreatitis, early phase 

changes to mucosal barrier function and lung injury occur, without improvement 

by prophylactic multispecies probiotics. However, the currently adapted protocol 

of probiotic administration abolishes mucosal barrier failure in the late phase of 

acute pancreatitis. Favourable effects of this multispecies probiotic mixture in the 

late phase of acute pancreatitis have now been demonstrated in two different 

experimental models.
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MANAGEMENT oF ACUTE PANCREATITIS

The clinical management of severe acute pancreatitis is challenged by complex 

interactions between the pancreas, the intestine and the systemic compartment. 

Positive feedback mechanisms result in ongoing pathophysiology, leading to 

systemic inflammatory response syndrome (SIRS), acute respiratory distress 

syndrome (ARDS), sepsis, multiple organ failure (MoF) and death. Figure 1 

shows a schematic representation of these interactions, based on hypotheses and 

findings presented in this thesis.

In recent years, surgical management of acute pancreatitis has been adapted to the 

systemic events during acute pancreatitis.2 Understanding of the biphasic course 

of acute pancreatitis has directed guidelines to postpone surgical intervention to 

the late phase of severe acute pancreatitis.2 only acute complications such as 

bleeding or intestinal perforation may require earlier surgical intervention.3 Also, 

the preferred surgical approach to pancreatic necrosis is slowly shifting towards 

minimally invasive techniques. No randomized controlled trial has yet been 

published to compare two or more minimally invasive techniques or to compare 

minimally invasive approaches to necrosectomy by laparotomy. However, the 

amount of reports identifying minimally invasive techniques as feasible treatment 

options is increasing.4-6 It will require a large, well designed and well performed 

randomized controlled clinical trial to confirm the reported potential of these 

techniques.7 

In Chapter 3 colonic involvement during acute pancreatitis is considered a reason 

for surgical intervention without delay. In this chapter, pericolitis observed during 

surgery is considered a “low threshold reason” for resection of the affected 

colonic segment. This policy has led to a colectomy in 27% of patients with severe 

acute pancreatitis. However, half of the patients subjected to colectomy did not 

have objective histopathologic findings of necrosis or ischemia. This approach is 

surgically aggressive and in hindsight may have been unnecessary in a fraction 

of these patients. on the other hand, pericolitis can lead to transmural colonic 

necrosis and perforation in a later stage, an event which will add to the severity 

of the disease, and potentially to fatal outcome.8,9 This latter argument may justify 

the aggressive surgical approach. The question whether or not to subject patients 

with pericolitis observed during surgery to “low threshold colonic resection”, will 

probably not be readily answered. Moreover, since the development of minimally 

invasive techniques for resection of pancreatic necrosis, outside inspection of 

the colon during laparotomy is not performed as frequently as before. It needs 

to be explored if unprecedented perforations can be attributed to this “missed” 

opportunity to inspect the colon.

ANIMAL MoDELS oF ACUTE PANCREATITIS

Animal models are indispensable for studying pathophysiology or for exploring 

new treatment modalities. A frequently expressed objection against the use of 

animal models is that artificial induction of acute pancreatitis does not reflect 

pathophysiology as it occurs in patients. However, identification of the major role 

of Ca2+-mediated acinar cell injury in the pathogenesis of acute pancreatitis is 

essential for the validity of animal models to study pathophysiology (Introduction, 

Box 3). Most popular animal models, including all models used in this thesis, initiate 

PANCREAS SYSTEMIC COMPARTMENT INTESTINE

Acute pancreatitis

Necrosis

Infected necrosis

Neurohormonal
response

Splanchnic
hypoperfusion /

shock / hypovolemia

Bacterial translocation /
endotoxemia

Cytokines / chemokines /
activated neutrophils

Sepsis / SIRS / ARDS / MOF

Motility changes /
Small bowel

bacterial overgrowth

Bacterial
 enzymes / toxins

Mucosal
 barrier failure

Local mucosal
 inflammation

Schematic representation of interactions between the pancreas, the systemic compartment and the intestine in the course of 
severe acute pancreatitis. The dashed arrows are part of two vicious cycles. SIRS: systemic inflammatory response syndrome, 
ARDS: acute respiratory distress syndrome, MoF: multiple organ failure. (Modified from Flint et	al.)1 

Figure 1
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disease at the same intracellular level as human pancreatitis (i.e. Ca2+ -mediated 

cell injury). Administration of cholecystokinin analogue cerulein (intravenously 

or intraperitoneally) or infusion of bile salts both cause Ca2+-mediated cell 

injury.10,11 Additionally, bile salt infusion causes detergent mediated cell injury, as 

is suggested to occur in human biliary reflux.12 Therefore, these animal models are 

indeed useful tools to study pathophysiology from the early initiating intracellular 

events.

GUT FLoRA AND MUCoSAL BARRIER FUNCTIoN

Humans carry more than 1 kg of bacteria in their gastro-intestinal tract, the 

equivalent of 1015 microorganisms.13 Like a fingerprint, the composition of 

intestinal flora is highly individual and remains remarkably constant throughout 

life. The intestinal flora and the host benefit from each others presence. The 

host provides an excellent niche for commensal bacteria to thrive in, whereas 

the commensals are involved in numerous processes essential to host health.14 

These processes include regulation of physiological gastrointestinal functions 

such as gastrointestinal motility, mucus secretion, nutrient absorption, as well as 

digestion of otherwise indigestible food components, production of vitamin K, and 

suppression of the number of potential pathogenic bacteria.14,15

An additional, essential function of the intestinal flora is regulation of local mucosal 

and systemic immunity.14 Controlled exposure of intestinal flora and other luminal 

contents is required for maturation and regulation of the immune system, including 

the development of tolerance to commensals and food components.16 M-cells and 

dendritic cells have the ability to sample the intestinal lumen and present antigens 

to mucosal macrophages or lymphocytes present at their basal side. Macrophages 

or dendritic cells containing bacteria can migrate to mesenteric lymph nodes to 

induce a local acquired immune response (IgA) (Figure 2 of Chapter 7).16 Activated 

lymphocytes on the other hand, can enter systemic circulation and can home to 

mucosal surfaces of other intestinal segments, or to oral or airway mucosa.16

There is a gradient of the bacterial concentrations in the gastrointestinal tract varying 

from relatively low (103-104 bacteria/ml) in the duodenum up to 1012 bacteria/ml in 

the colon.17 It is the combined task of the structural and immunological mucosal 

barrier to maintain the steep gradient in bacterial concentration between the 

lumen and the sterile interior of the host without loss of tolerance to commensals 

or nutrients.16

MUCoSAL BARRIER FAILURE

As shown in Figure 1, mucosal barrier failure and subsequent bacterial translocation 

play a central role in the development of infectious complications during acute 

pancreatitis.18,19 In preliminary experiments, histology of small bowel mucosa was 

assessed in the rat model of severe acute pancreatitis. Figure 2 demonstrates 

changes in rat jejunum and ileum histology, as early as 6 hours after the start of 

acute pancreatitis. The mucosa is stressed, with cellular infiltrate and extensive 

subepithelial edema in the villi. It is tempting to assume that changes in mucosal 

The effect of severe acute pancreatitis on intestinal histology (panels A and B: rat jejunum, panels C and D: rat ileum). Panels A 
and C represent healthy controls. Early histological changes can be observed six hours after the start of acute pancreatitis induc-
tion. Changes include subepithelial edema and inflammatory infiltrate (panels B and D). (H&E staining, 100x)

Figure 2
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barrier function are the result of simple opening of tight junctions, or denudation 

of intestinal villi by sloughing of enterocytes. on the other hand, in the mouse 

model of relatively mild acute pancreatitis histology of small bowel mucosa does 

not demonstrate visible damage, despite the presence of significant changes in 

mucosal barrier function measured by Ussing chambers (Chapter 10).

When monitoring mucosal barrier function, permeability of the structural mucosal 

barrier often is the only measured parameter, leaving the immunological barrier 

unassessed.20 In clinical studies, intestinal permeability is usually measured by 

quantification of ingested marker molecules in urine. The downside of these in	vivo 

measurements is that the results often reflect the average permeability of the entire 

intestinal tract.  Also, results are influenced by intestinal motility and hemodynamics.20 

In	vitro measurements of permeability can be performed on biopsies of intestinal 

mucosa, or whole intestinal segments in experimental setups.21,22 The advantage 

of in	 vitro measurements is that mucosa of specific intestinal segments can be 

assessed without influence of motility or hemodynamics.20 However, one should 

keep in mind that local breaches in the mucosal barrier may be missed.

our group reported earlier that duodenal and ileal permeability is increased during 

the course of acute pancreatitis in rats.23 Interestingly, a significant correlation 

could be identified between duodenal permeability and bacterial translocation to 

the pancreas, but not for ileal permeability. on the other hand, ileal permeability 

was correlated to bacterial translocation to the mesenteric lymph nodes.23 These 

observations trigger the discussion on the origin of translocating bacteria in the 

course of acute pancreatitis. 

oRIGIN oF TRANSLoCATING BACTERIA

Translocated bacteria responsible for sepsis, multiple organ failure or infection 

of pancreatic necrosis originate from the gut.24-26 However, the exact origin of 

translocated bacteria is still a matter of debate (Chapter 3). The colon is the 

site of the gastrointestinal tract which contains the most bacteria and is in close 

anatomical proximity to the pancreas. Also, bacterial species retrieved from infected 

pancreatic necrosis are often described as “colonic type flora” (Introduction: Table 

1).27 The small intestine contains much lower numbers of bacteria. The proximal 

small bowel (duodenum, jejunum) usually contains only 103-104 bacteria/ml, mainly 

lactobacilli and streptococci.17 The ileum however, contains 107-108 bacteria/ml. 

Ileal flora resembles colonic type flora, partly due to reduced intestinal motility, 

higher pH than the proximal small bowel, and reflux of cecal contents.17 Based 

on bacterial counts and composition, and the close anatomical relationship to the 

pancreas, the colon seems an obvious site for bacteria to translocate to pancreatic 

necrosis. on the other hand, for reasons discussed below, bacterial translocation 

originating from the small bowel is also likely to occur.

1. Physiological flora and barrier function

Under physiological circumstances, the colon contains at least 1012 bacteria/ml. 

Unlike in the small bowel, potential pathogens are part of normal colonic flora, 

including E.	 coli, Enteroccoccus species and Bacteroides	 fragilis.17 The outer 

cell wall membrane of gram-negative bacteria contains lipopolysaccharide (LPS / 

endotoxin) which has established adverse influences on mucosal barrier function.28 

Harboring these potential pathogens and their products imposes high demands on 

the integrity of mucosal barrier function of this site of the gut. Indeed, the colon has 

a higher mucosal electrical resistance, and lower permeability values than small 

intestine.29 Because of the normally large amounts of bacteria and the stringent 

mucosal barrier, significant derailment of the balance between colonic flora and 

mucosal barrier function in the form of bacterial translocation does not readily take 

place. on the other hand, injury of colonic mucosa by ischemia / reperfusion or 

spread of pancreatic enzymes cannot be excluded as sufficient triggers to cause 

colonic mucosal barrier failure and bacterial translocation (Chapter 3). 

Effects of acute pancreatitis are bigger in the small bowel. Normally, the duodenum 

and jejunum are not colonized by potential pathogenic bacteria, and numbers of 

commensals are low.17 Motility changes during acute pancreatitis cause significant 

changes in numbers and composition of small intestinal flora.30 As described in 

Chapter 8, a >100 fold increase in duodenal potential pathogens was observed. 

Moreover, in contrast to the colon, the mucosal barrier of the proximal small 

intestine is not adapted to colonization with these colonic type pathogens such 

as hemolytic streptococci group B, Enterococcus	spp., Staphylococcus	aureus, 

and Enterobacteriaceae such as E.	coli, Proteus	mirabilis and Morganella	morganii 

(Chapter 8). Apart from the greater changes in the small bowel compared to the 

colon, experimental data shows that significant correlations exist between small 

bowel flora or small bowel permeability in one respect and bacterial translocation 

in the other (Chapters 6 and 8).23, 3
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2. Acute pancreatitis associated ileal microflora

In the experiment described in Chapter 8, additional samples of duodenum and 

ileum were collected and snap frozen for molecular analysis. In these samples, 

16S rRNA genes present in luminal contents were analyzed after DNA isolation 

and PCR amplification. The 16s rRNA genes encode terminal restriction fragment 

length polymorphisms (T-RFLPs) of micro-organisms. T-RFLPs can be used to 

identify species of micro-organisms by community profiling and characterization 

(MCPC) analysis. MCPC analysis has the potential to identify approximately ten 

times more bacteria than conventional microbiological culturing techniques.32 

Diversification of duodenal flora measured by microbiological culturing was 

confirmed by the molecular techniques. In earlier experiments using conventional 

microbiological culturing, severe acute pancreatitis in rats apparently did not 

alter ileal flora qualitatively or quantitatively.30 Molecular analysis of the currently 

described samples however, showed significant changes in the principal 

components of ileal flora.32 Principal components are the most predominant MCPC 

profiles present in a sample. Figure 3 shows a three dimensional representation 

of the three most predominant principal components in healthy rats and rats with 

severe acute pancreatitis.32 As would be expected, healthy rats show individual 

diversity of ileal flora, demonstrated by scattering of data points in the component 

graph. Most strikingly, individual diversity in ileal flora is replaced by a typically 

“acute pancreatitis associated microflora”, demonstrated by clustering of data 

points. This demonstrates that major changes in composition of ileal flora take 

place, changing unique individual flora into a uniform composition associated with 

acute pancreatitis. 

The ileum has been identified as the primary site of luminal antigen sampling by 

dendritic cells.33 In the ileum, a special type of dendritic cell (characterized by the 

expression of Cx3CR1) is present. With their dendrites, these cells reach out well 

into the lumen, sampling its contents. This type of dendritic cells is not present 

in other sites of the gastrointestinal tract.33 Dendritic cell mediated interactions 

between the intestinal lumen and the host mucosal immune system are critical 

in protecting the host from invasive pathogens.34 Also, as described in Chapter 

10, mucosal permeability of the ileum is significantly increased in mice with acute 

pancreatitis. These significant changes in flora and mucosal barrier function in the 

immunological “hotspot” of the small intestine, make the ileum a likely origin of 

bacterial translocation.

In summary, experimental and clinical data on the origin of translocating bacteria is 

equivocal. Experimental studies focusing on the colon as the primary site of origin 

have shown strong data identifying the colon as the main origin.35-37 In more recent 

papers however, other study groups including ours, have collected compelling 

data identifying the small bowel as a likely origin of bacterial translocation during 

acute pancreatitis.23,30,38 Considering these and data described in this thesis, the 

small bowel plays a dominant role in the course of acute pancreatitis, but the colon 

should not be excluded as a potential source of bacterial translocation (Chapters 

6 and 8).

The effect of severe acute pancreatitis on the presence of principal components of ileal flora. Data points of healthy rats (grey 
symbols) show scattering, representing strong variation of ileal flora between individuals. Data points of rats with acute pancre-
atitis (black symbols) show strong clustering. This indicates loss of individual flora in favor of uniform flora composition associ-
ated with acute pancreatitis.

Figure 3
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RoUTES oF BACTERIAL TRANSLoCATIoN

In addition to the discussion on the exact origin of bacterial translocation during 

acute pancreatitis, the route by which intestinal bacteria reach the pancreas also 

remains a topic of speculation. Despite numerous experiments aiming to identify 

one predominant route, as many as six major routes are currently considered.

1. Transmural - transperitoneal route

Bacterial translocation through the intestinal wall, including the submucosa and 

serosa gives bacterial access to the peritoneal cavity. The peritoneal cavity provides 

a route of spread for bacteria throughout the abdomen. The inflamed peritoneal 

covering of the pancreas is the port of entry into pancreatic necrosis. 

Some experimental studies support this hypothesis.37,39,40 In 1994, Widdison et	al. 

published a study in which envelopment of the colon with an impermeable bag 

reduced infection of pancreatic necrosis, in a feline model of acute pancreatitis.37 

In this study however, no peritoneal cultures were performed to support this 

hypothesis. Furthermore, the transperitoneal pathway provides no explanation for 

the lower occurrence of positive blood cultures in the group of cats with a colonic 

bag versus cats without.37 Experimental studies fairly frequently report positive 

peritoneal cultures at the time of sample collection. Positive peritoneal cultures are 

observed varying from 0-10% in minimally-invasive models of acute pancreatitis, 

to 8-100% in more invasive models.30,40-44 It is unclear whether these positive 

peritoneal cultures are caused by surgical contamination or true transperitoneal 

bacterial translocation. 

In this route of translocation, bacteria have to pass the peritoneum twice. In 1997, 

Arendt et	al. published a paper demonstrating that intestinal bacteria indeed pass 

the peritoneum once to enter the peritoneal cavity, but fail to penetrate the parietal 

peritoneum to reach the pancreas.45 This way the peritoneum acts more as a trap 

for bacteria rather than a translocation route.45

2. Transmural - retroperitoneal route

After translocation through the mucosa and submucosa layers of the intestinal 

wall, bacteria can spread subserosally, between the two layers of mesenteric 

peritoneum to enter the retroperitoneal space. Here, pancreatic necrosis provides 

an excellent niche for bacteria to thrive on necrotic tissue.

Chapter 3 of this thesis describes involvement of the colonic wall, by retroperitoneal 

and subserosal spread of activated pancreatic enzymes. The same pathway, but 

in the opposite direction, is a potential route of bacteria to spread to the pancreas. 

Many authors suggest this hypothesis, mainly based on the close anatomical 

relationship between the transverse colon, its mesentery and the pancreas.35,36,46 

However, there is no direct experimental evidence for this route of bacterial 

translocation.

3. Portal vein - hematogenous route

Mucosal barrier failure, including increased permeability of mucosal vascular 

endothelium provides entry of intestinal bacteria into circulation, being the portal 

vein. After passing the liver, bacteria and endotoxins enter the systemic circulation, 

to be deposited at pancreatic necrosis.

Several experimental studies indeed demonstrated bacteria or endotoxins in the 

portal vein during acute pancreatitis.47-49 Kupffer cells in the liver filter bacteria 

and endotoxins from the blood, making this route of bacterial translocation less 

likely. on the other hand, additional experiments suggest that the phagocytotic 

capacity of Kupffer cells is decreased by release of activated pancreatic enzymes 

into portal circulation.26 Reduced activity of the reticulo-endothelial system by 

pancreatic proteases may provide a way for bacteria and endotoxins in the portal 

vein to pass the liver into the systemic circulation and subsequently, to pancreatic 

necrosis.26 An argument against the hematogenous route of bacterial translocation 

is that pancreatic necrosis, by definition, is poorly vascularized. Therefore, blood 

borne bacteria are less likely to get in contact with pancreatic necrosis.

4. Lymph nodes - hematogenous route

Mucosal barrier failure and sampling of luminal bacteria by dendritic cells 

and macrophages allows for bacteria to translocate from the intestinal lumen 

to mesenteric lymph nodes. Bacteria that are taken up by dendritic cells or 

macrophages are killed intracellularly. However, when killing capacity is impaired, 

or the bacterial species resists intracellular killing, colonization of lymph nodes 

and spread of infected mesenteric lymph into the thoracic duct and systemic 

circulation may occur.

Indeed, bacterial translocation to mesenteric lymph nodes has been demonstrated 

in numerous experimental studies.30,42,50-53 Via the thoracic duct, lymph containing 

bacteria or endotoxins can enter the systemic circulation.54 Also, lymph enters 
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the capillary bed of the lungs via this pathway, causing acute respiratory distress 

syndrome (ARDS).55

If this pathway plays a major role in bacterial translocation to pancreatic necrosis 

remains unclear. Wang et	 al. published compelling data demonstrating early 

translocation of radiolabled bacteria to mesenteric lymph nodes followed by 

pulmonary and pancreatic infection with these bacteria.26 on the other hand, in 

earlier experiments in a rat model of severe acute pancreatitis we were unable 

to demonstrate a qualitative or quantitative correlation between colonization of 

mesenteric lymph nodes and infected pancreatic necrosis.56 In line with our results, 

Medich et	al. were unable to retreive orally administred fluorescent beads the size 

of bacteria from mesenteric lymph nodes of rats, whereas 91% of the pancreata of 

rats with acute pancreatitis contained these beads.40 Therefore, due to conflicting 

experimental data, the lymph - hematogenous route of bacterial translocation 

remains controversial. 

5. Macrophage mediated route

The macrophage mediated route of bacterial translocation provides a plausible 

mechanism for bacteria to be carried in the bloodstream, and to be deposited 

at pancreatic necrosis. The suggested pathway includes macrophage uptake of 

live bacteria that penetrated the intestinal mucosal barrier. These live bacteria are 

then transported by macrophages in blood. Chemotactic factors in the inflamed 

pancreas attract macrophages, including their bacterial content. Failure of 

macrophages to kill the ingested bacteria before arrival at the pancreas, allows 

the bacteria to colonize pancreatic necrosis. This mechanism can be considered 

a “Trojan horse-like” entry of bacteria into pancreatic necrosis.

This theory is supported by findings of Wells et	al.57 In macrophage deficient mice, 

bacterial translocation of E.	coli to mesenteric lymph nodes was 60% lower than 

in immunocompetent mice.57 In other experiments using a liver resection model 

in rats, bacterial translocation to blood and mesenteric lymph nodes was reduced 

after inactivation of macrophages.58,59 In a more recent paper, the same study 

group demonstrated that macrophage killing capacity was decreased during 

experimental acute pancreatitis.26 This further supports the macrophage mediated 

route of bacterial translocation.

6. Transpapillary route

Bacteria present in the duodenum can migrate retrogradely through the papilla 

of Vater into the biliopancreatic duct. Via this route duodenal bacteria can cause 

infection of the biliary system and the pancreas.46 

Little data supports this hypothesis other than the close proximity and anatomical 

connection between the duodenal lumen and the pancreatic duct. on the other 

hand, biliopancreatic secretions have antibacterial properties and bacteria have to 

be able to infect the pancreas going upstream of the secretion. Indeed, duodenal 

bacterial overgrowth is correlated with infection of pancreatic necrosis (Chapter 6), 

but previously addressed routes of bacterial translocation can not be excluded. 

It can be concluded that the data of studies on the route of translocation of intestinal 

bacteria to pancreatic necrosis are conflicting. Some considered routes seem 

more likely than others, but none of them are mutually exclusive. It is likely that 

the routes of bacterial translocation depend on many factors including pancreatitis 

etiology and severity, composition of microbial flora in intestinal segments and 

immune status.

PRoPHYLACTIC PRoBIoTICS

Results shown in Part III of this thesis confirm the favorable effects of prophylactic 

probiotics in the course of acute pancreatitis. However, some major considerations 

remain to be discussed.

Experimental design

Experiments described in Chapters 8, 9 and 10 were designed on the hypothesis 

that modulation of intestinal flora by probiotics and its effect on the local and 

systemic immune system, would alter the course of acute pancreatitis. For 

this reason, we chose to modulate intestinal flora prior to induction of acute 

pancreatitis. Therefore, these experiments substantiate the hypothesis that the 

composition of the intestinal microflora can modulate the clinical course of an 

acute inflammatory disease, i.e. acute pancreatitis. The disadvantage of the 

chosen experimental approach is that obtained results not necessarily predict or 

reflect results of treatment started after onset of the disease, results in human 

subjects and consequently: clinical success. 
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Location of probiotic functionality

The primary location of probiotic functionality remains unresolved. In Chapter 8, 

significant effects were shown in the duodenum, but not in the ileum. In contrast, 

Chapter 10 describes significant effects in the ileum, whereas the duodenum 

remained unexplored. In these experiments, probiotics were administered 

intragastrically in daily or twice daily doses. With current knowledge of gastro-

intestinal motility, one can reason that with this administration regime daily 

exposure of the proximal small bowel to the probiotics was only brief and 

occurred with relatively long intervals. The ileum on the other hand, has lower 

motor activity and consequently a longer exposition time to luminal probiotics. 

Also, interactions between intestinal flora and the gut-associated immune system 

are more predominant in the ileum.33,34 This could mean that probiotics potentially 

have stronger effects in the ileum than in the proximal small bowel. Alternatively, 

interactions between probiotics and the immune system in the ileum may have 

resulted in systemic immune modulation. Lymphocytes, activated by probiotic 

interaction with the host immune system in the ileum, could have been relocated 

to the proximal small bowel, modulating local effects in their new location. These 

considerations make the small bowel, especially the ileum, a likely primary location 

for probiotic effects. 

However, in the three prophylactic probiotic experiments described in this thesis, 

the colon was not assessed. At the initiation of the experiments described in this 

thesis, the small bowel was hypothesized to be the main source for bacterial 

translocation and probiotic action. At the time, rationale for leaving the colon 

unexplored was that daily doses of 109-1010 bacteria would not affect the 1012 

bacteria/ml in the colon. The daily administered dose of probiotics would be 

less than 1% of the total bacterial load in the colon, minimizing potential effects. 

However, a recent paper described a significant increase in fecal lactobacilli in 

humans after two weeks of daily consumption of probiotics.60 Therefore the colon 

cannot be excluded as a location for probiotic functionality. 

Mechanisms of probiotic functionality

The working mechanisms of probiotics are not fully understood. Suggested 

mechanisms are based on three levels of action: in the intestinal lumen, the 

intestinal epithelium and the immune system.61

In the lumen, probiotics have antibacterial effects, preventing overgrowth of 

potential pathogens.62 Antibacterial effects include direct killing by lactic acid 

production. Additionally, probiotic bacteria have the ability to communicate with 

intestinal (pathogenic) bacteria through quorum sensing and quorum quenching 

mechanisms. Quorum sensing is a system by which bacteria are able to 

communicate information on bacterial density in the direct environment.63 This 

way, group behavior of bacteria can be coordinated. Pathogenic bacteria use this 

mode of communication to increase their ability to flourish or to invade the host, 

behaving much like a multicellular organism. Quorum sensing is mediated by 

production and release of signaling molecules by microbes which are received 

and processed by others in the vicinity.63 Intervention in quorum sensing is 

named quorum quenching and forms a very promising anti-microbial modality.64,65 

By prevention or modulation of signal molecule production, release or uptake, 

coordination of the quorum can be disrupted.64 Lactobacillus	 plantarum has 

demonstrated such quorum quenching capabilities in a mouse model of infected 

burns.66 Likely, enteral probiotics can use quorum quenching properties to prevent 

bacterial overgrowth and translocation of pathogens.

At the level of intestinal epithelium, adhesion of probiotic bacteria to epithelial cells 

prevents adhesion of pathogenic bacteria, supporting mucosal barrier function by 

competitive exclusion.61 Additionally, probiotic bacteria can regulate expression 

of genes involved in mucosal barrier function, including genes regulating tight 

junctions, mucus production, nutrient absorption and angiogenesis.61,67 

Probiotic immune modulation can act on epithelial cells (enterocytes), dendritic 

cells or M-cells. In enterocytes, inflammatory responses to triggers such as 

ischemia/reperfusion or pathogen adhesion can be prevented by probiotic 

inactivation of NF-κB, an important pro-inflammatory signal.61 Via dendritic cells or 

M-cells, probiotics can modulate T-cell responses to presented antigens.61,62 

To exert their mechanisms of action, it is assumed that probiotic bacteria must be 

alive. Interestingly, two recent experimental studies demonstrated that protective 

effects of probiotics were mediated in	vivo by probiotic DNA instead of live probiotic 

bacteria.68,69 In a study by Rachmilewitz et	 al. severity of experimental colitis in 

mice was reduced by subcutaneously administered probiotic DNA.69 In the same 

study intragastrically administered probiotic DNA also showed favourable effects, 

but on the other hand, intrarectally administered DNA had no effects. Their results 

suggest that the biologically active probiotic DNA was absorbed from the subcutis 

or from the small intestine rather than the colon and acts systemically once it has 
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reached circulation. Systemic effects were not present in toll-like receptor deficient 

knock-out mice. This provides proof that toll-like receptor signalling is required to 

mediate action of probiotic DNA.69  

CRIB

Molecular analysis of ileal samples of rats treated with probiotics or placebo has 

led us to a potentially different route by which probiotics improve the course of 

acute pancreatitis. We have discovered that in rats with favorable course and 

outcome of acute pancreatitis, a “new” bacterial species could be detected in the 

ileal lumen. We considered this bacterium as new, because its unique16s RNA 

gene that encodes a T-RFLP that does not occur in the prokaryote section of the 

European Molecular Biology Laboratory (EMBL) nucleotide sequence database 

(release 82, March 2005). We provisionally named this bacterium CRIB (Commensal 

Rat Ileal Bacterium). Probiotic treatment specifically upregulated the presence of 

CRIB (Figure 4). Most interestingly, the relative abundance of CRIB compared to 

total ileum bacterial content seems strongly associated with favorable immune 

response (data not shown) and reduced bacterial translocation to mesenteric 

lymph nodes, spleen, liver and pancreas (Figure 5). Moreover, in rats that reacted 

poorly to probiotic treatment (e.g. high bacterial counts in the pancreas) CRIB was 

only present in small amounts or could not be detected at all. 

These preliminary data suggest an important role for CRIB in the susceptibility 

to bacterial translocation and in the response to probiotic treatment. These data 

also confirm that interactions between gut flora and the host are influenced by 

host genotype, demonstrated by inter-individual variation in response to probiotic 

treatment in outbred rats.70 This means that genetic makeup of the host could be 

of influence to the response to and success of probiotic treatment.

The 16s RNA sequence of CRIB has been detected in human intestine. We are 

currently optimizing culture techniques for CRIB, which should allow isolation and 

phylogenic classification. The next step would be to determine if these preliminary 

results are based on causal direct or indirect protective effects of CRIB or a 

mere association. If the former prove to be true, CRIB may provide new forms of 

(prophylactic) probiotic therapy.

Timing of probiotic treatment

An important question related to clinical application of probiotics for an acute 

inflammatory disease (e.g. acute pancreatitis) addresses timing: what are the 

effects of probiotic prophylaxis if treatment starts after the initiation of disease? It 

is well established that in rodents the course of acute pancreatitis is several times 

faster than in humans.71,72 This leaves a small window for probiotics to modulate 

intestinal flora and exert their favorable effects. This short window of opportunity 

may result in reduced efficacy of probiotics in rodents. This seems less of a 

problem for humans because of the slower progression of the disease. 

Another aspect involving timing of treatment is the biphasic course of the disease. 

The timepoint of the start of treatment after the initiation of disease may affect 

disease course in completely different ways. The selected probiotic mixture has 

been designed for its antibacterial and its immune modulatory effects. A pro-

inflammatory probiotic effect during the late anti-inflammatory phase of acute 
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pancreatitis could be beneficial, whereas in the early pro-inflammatory phase this 

could intensify SIRS, ARDS and multiple organ failure. Chapters 8, 9 and 10 show 

favorable effects of prophylactic probiotics in the late phase, whereas early phase 

effects were minimal. The question remains if this would change if probiotics are 

administered after initiation of pancreatitis, i.e. during the early pro-inflammatory 

phase. Hypothetically, if probiotics cause a systemic pro-inflammatory response 

at initiation of treatment, this could be harmless in healthy subjects, but potentially 

detrimental during the early inflammatory phase of acute pancreatitis. Pre-treating 

healthy subjects with probiotics can allow this initial pro-inflammatory response 

to pass before initiation of disease. Therefore, timing and direction of probiotic 

immune modulation in the biphasic course of acute pancreatitis seems to be of 

major interest for future research.

Choice of probiotic strains

Probiotic strains have individual properties and effects.73 Additionally, combining 

probiotics into multispecies mixtures introduces interspecies interaction, 

potentially altering effects of the individual species.73  Ecologic®	641 (Winclove Bio 

Industries BV, Amsterdam, The Netherlands) was specifically designed to address 

target aspects of bacterial translocation. obviously, other mono- or multispecies 

combinations of probiotics could yield different or opposite results.66 

Probiotics are becoming more and more accepted in clinical practice. However, 

it will require ongoing and even increased research efforts to identify available, 

safe probiotic species, their properties and application in clinical practice. The 

empirical testing of a preferred specific strain or multispecies mixture in a variety 

of diseases is time and resource consuming, inefficient and should be abandoned. 

Instead of this “one size fits all”-approach, careful selection of probiotic strains 

should be performed, based on known in	 vitro	 and in	 vivo properties. These 

properties should address specific targets in disease pathophysiology. This means 

that disease pathophysiology and probiotic properties both should be explored 

thoroughly before embarking on interventional studies combining the two. 

Concentration of probiotics

In a carefully conducted randomized, double-blind, placebo-controlled, multicenter 

trial, Whorwell et	al. treated irritable bowel syndrome patients with three different 

daily doses of Bifidobacterium	infantis (1x106, 1x108 or 1x1010 CFU/g) or placebo.74 
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Results were convincingly in favour of probiotic treatment, but only in patients 

receiving the 1x108 daily dose of probiotics. Patients receiving the higher or lower 

dosage showed no improvement compared to placebo or compared to complains 

before start of treatment. These results confirm that in addition to timing and 

choice of probiotic strain, the amount of administered probiotic bacteria is also of 

importance to success of treatment.

CoNCLUSIoNS AND PERSPECTIVES

Answers to questions addressed in this thesis are summarized in Box 1. Increased 

knowledge on the pathophysiology of acute pancreatitis has led to great advances 

in clinical management and consequently, in outcome of disease. Early phase 

mortality has dramatically reduced, partly by delay of surgical intervention to 

the late phase. Minimally invasive techniques aim to reduce surgical trauma 

and constitute a promising development in the surgical management of acute 

pancreatitis. Regardless, surgical management remains challenging due to 

complicated pathophysiology and potentially lethal complications.

This thesis underscores the important role of the small bowel and immune 

responses in the course acute pancreatitis. The applied multispecies probiotic 

mixture intervenes in several aspects of bacterial translocation, reducing infectious 

complications and improving outcome. Although many questions remain 

concerning origin and route of bacterial translocation, mechanisms and location 

of probiotic activity, timing of treatment, choice of probiotic strain and treatment 

dosage, these results are a strong incentive to further research. 

Use of radioactively, or fluorescently labeled bacteria in rodent models of acute 

pancreatitis may provide additional insight in origin and route of bacterial 

translocation during acute pancreatitis. Such studies have been performed, 

but with technical advances toward higher resolution in	 vivo imaging of labeled 

bacteria, new opportunities may arise. These techniques also apply to experiments 

directed toward the location of probiotic activity. In	 vivo measurement of local 

responses to probiotic treatment over time (e.g. shifts in luminal microflora or 

immunological response in mucosa of individual intestinal segments) is essential 

to provide insight into location and mechanisms of probiotic action. Currently, 

experiments are being conducted to address the important question concerning 

timing of probiotic treatment. These new insights could lead to optimally designed 

probiotic compounds in well defined treatment regimes, addressing specific or 

even individual medical problems.

Box 1

Summarized answers to questions addressed in this thesis

1. What are the current views on surgical treatment of necrotizing acute 

pancreatitis?

 Recognition of the biphasic course of acute pancreatitis has led to 

guidelines which propose to postpone surgical intervention to the late 

phase of acute pancreatitis. Thus far, necrosectomy by laparotomy 

followed by open abdomen strategy or continuous postoperative lavage 

are considered the standard surgical techniques to remove infected 

pancreatic necrosis. However, minimally invasive procedures are 

becoming more successful and are increasing in popularity. A randomized 

clinical trial is needed to confirm the potential benefits of these minimally 

invasive techniques.

2. How does the colon get involved in acute pancreatitis and how should this 

be treated?

 The large bowel can get involved in the course of severe acute pancreatitis 

by hemodynamic changes, iatrogenic causes or by spread of pancreatic 

enzymes through the mesocolon. It appears that the latter mechanism 

poses a major threat to the colonic wall. Low threshold resection of 

affected colonic segments seems the only way to guarantee prevention 

of associated complications, but one should keep in mind that this may 

also lead to unnecessary resection of colonic segments.

3. What is the role of bile composition in the pathogenesis of biliary 

pancreatitis?

 Composition of refluxed bile into the pancreatic ductuli seems of major 

importance to the pathogenesis of biliary pancreatitis. Hydrophobic bile 

salts and cholesterol crystals are associated with severe acute pancreatitis, 

whereas phospholipids have a protective effect. Modulation of bile 

abnormalities in symptomatic gallstone patients may reduce the risk of 

biliary pancreatitis.
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4. What is the role of intestinal flora in the course of acute pancreatitis?

 Early in the course of acute pancreatitis, intestinal flora can cause local 

inflammatory responses in the intestinal wall. This renders the intestine a 

cytokine generating organ, adding to systemic inflammatory response 

syndrome. If the severity of the systemic inflammatory response is 

sufficient, early pulmonary or multiple organ complications occur. Later 

in the course of the disease, overgrowth of potential pathogenic intestinal 

bacteria is an important aspect in the occurrence of bacterial translation 

to extra-intestinal sites. This way, intestinal bacteria play a major role in 

early complications and are responsible for late infectious 

complications.

5. How does translocation of intestinal bacteria to extra-intestinal sites take 

place?

 The hypothesis on the pathogenesis of bacterial translocation during 

acute pancreatitis is based on three aspects: 1) intestinal bacterial 

overgrowth, 2) mucosal barrier failure, 3) unfavourable immune responses. 

There is evidence supporting all these three aspects of bacterial 

translocation. However, some major questions remain, including those 

regarding the main site of origin and route of bacterial translocation. 

Several hypotheses are discussed in this thesis, but unfortunately no 

definitive answers to these remaining questions can be given.

6. Are animal models suitable tools to study bacterial translocation during 

acute pancreatitis?

 Because of many advantages of animal experiments over clinical studies, 

animal models of acute pancreatitis have provided much insight in the 

pathogenesis of bacterial translocation. The answer to the posed question 

is yes. However, because of potential confounding factors in all available 

animal models, special care should be taken when conducting 

experiments and when interpreting experimental results.

7. Do prophylactic antibiotics improve outcome in acute pancreatitis?

 Recent well designed clinical trials and meta-analyses have demonstrated 

that prophylactic antibiotics do not reduce bacterial infection of pancreatic 

necrosis or improve clinical outcome.

8. Does modification of intestinal flora with multispecies probiotics improve 

outcome in experimental acute pancreatitis?

 With a central role of intestinal flora in the course of acute pancreatitis 

(question 4), modification of flora has the potential to alter outcome. This 

was confirmed by experiments described in this thesis. Modification of 

intestinal flora with multispecies probiotics reduces bacterial translocation 

to extra-intestinal sites and late phase mortality in experimental severe 

acute pancreatitis.

9. At which levels do probiotics exert their effects and what are their 

mechanisms of action?

 Probiotics reduce bacterial overgrowth in the lumen of the small bowel, 

reduce mucosal barrier failure and modify systemic immune responses 

in the course of acute pancreatitis. These levels represent the three 

aspects of bacterial translocation described in question 5. 

Mechanisms of action of probiotics have not been firmly established and 

the posed question can not be readily answered. Several hypotheses of 

probiotic mechanisms of action have been proposed and form an 

attractive field for continued research. These hypotheses include lactic 

acid production, quorum quenching properties, adhesion to epithelial 

cells and modification of gene expression. 

10. Do prophylactic multispecies probiotics offer an alternative to prophylactic 

antibiotics in predicted severe acute pancreatitis?

 The value of prophylactic multispecies probiotics in patients with 

predicted severe acute pancreatitis has not yet been confirmed clinically. 

However, data presented and discussed in this thesis demonstrate that 

prophylactic multispecies probiotics possess great potential as a 

prophylactic treatment strategy in acute pancreatitis.
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SUMMARY

Acute pancreatitis is a challenging disease with a clinical course that is often difficult 

to predict. The severe form with necrosis of pancreatic tissue occurs in 15% of the 

cases. Mortality increases significantly if intestinal bacteria translocate from the 

intestine and subsequently infect pancreatic necrosis. Surgical and prophylactic 

treatment strategies are challenged by complex pathophysiology of the disease 

and its complications that includes multiple organ systems. Aims of this thesis 

were to address some key aspects of acute pancreatitis: surgical management, 

pathophysiology and probiotic prophylaxis.

Part I: Surgical management of acute pancreatitis

Several surgical techniques are at hand to remove infected pancreatic tissue 

(Chapter 2): laparotomy and necrosectomy followed by open abdomen strategy 

(oAS) or by continuous postoperative lavage (CPL), and necrosectomy by minimally 

invasive procedures (MIPs). In the UMC Utrecht, 38 patients were treated with 

oAS and 21 with CPL between 1988 and 2001. The CPL group showed significant 

lower morbidity although the mortality rate was not different from oAS. These 

results are in line with reports in literature. MIPs seem a very promising concept, 

with successful small series reported in literature. However, randomized trials 

comparing surgical techniques are needed to provide evidence for the optimal 

surgical management of necrotizing acute pancreatitis.

An additional surgical challenge in the management of severe acute pancreatitis is 

colonic pathology (necrosis or perforation) complicating about 15% of the cases 

(Chapter 3). Retroperitoneal spread of pancreatic enzymes is the major cause 

of colonic involvement in acute pancreatitis, potentially leading to transmural 

necrosis and perforation. In general, preoperative radiological investigation can 

identify an affected colonic segment, but it does not provide the indication for 

surgical resection. Inspection of the outer aspect of the colon during surgery is 

unreliable to identify imminent perforation, proven histologically by identification 

of resected segments with only pericolitis and fat necrosis. However, low threshold 

resection of an affected colonic segment seems the preferred treatment strategy 

to prevent potential perforation or additional complications during follow up.

Part II: Pathophysiology of acute pancreatitis and bacterial translocation 

Gallstone disease is a major cause of acute pancreatitis, but the role of bile 

composition in the pathogenesis of gallstone pancreatitis is unknown. In Chapter 

4, the effect of infusion of different model biles in the biliopancreatic duct of rats 

was assessed histologically. Hydrophobic model biles induced severe acute 

pancreatitis, whereas hydrophilic model biles did not. Physiological amounts of 

phospholipids reduced and cholesterol crystals increased severity of hydrophobic 

model bile induced acute pancreatitis. These results confirm a role of bile 

composition in biliary pancreatitis. Therefore, modulation of bile abnormalities 

in symptomatic gallstone patients could potentially reduce their risk of biliary 

pancreatitis.

Bacterial translocation during the course of acute pancreatitis is of major influence 

to outcome. Animal models have been proven indispensable as a tool to study 

its pathophysiology, but some major aspects of bacterial translocation remain 

unclear (Chapter 5). Methodological restrictions of all currently available animal 

models are likely to be the cause. Many experimental models and techniques 

interfere with pathophysiological aspects of bacterial translocation during acute 

pancreatitis (intestinal flora, mucosal barrier function or immune response), 

complicating interpretation of results. This is partly the reason for the exact origin 

of translocating bacteria to remain unclear.

The colon is often identified as a major source of bacteria causing infectious 

complications in acute pancreatitis. Hypothetically, removal of the colon by 

subtotal colectomy prior to acute pancreatitis could therefore improve outcome. In 

a rat model of acute pancreatitis however, subtotal colectomy resulted in duodenal 

bacterial overgrowth which correlated significantly with bacterial translocation to 

the pancreas (Chapter 6). These results do not exclude the colon as the source of 

translocating bacteria, but do confirm a role for the small bowel.

Part III: Prophylactic probiotics to reduce infectious complications during 

acute pancreatitis

Prevention of bacterial translocation will reduce the need for surgical intervention 

and will reduce mortality. Since prophylactic antibiotics do not improve outcome, 

prophylactic multispecies probiotics may offer a promising alternative. Advantages 

of probiotics are the absent risk of multiresistant bacteria, specific targets in 

pathophysiology and low costs (Chapter 7). A multispecies probiotic mixture 
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(Ecologic®	 641), composed of bifidobacteria and lactobacilli was specifically 

designed to target three major aspects of bacterial translocation: 1) small bowel 

bacterial overgrowth, 2) mucosal barrier failure and 3) immune responses.

In a rat model of acute pancreatitis modification of intestinal flora with Ecologic®	

641	resulted in reduced pathogen growth in the duodenum and reduced bacterial 

translocation to blood, spleen, liver and the pancreas. Also, clinical course of 

the disease was less fulminant and late mortality was reduced in rats receiving 

probiotics (Chapter 8).

In this rat model specific cytokine signatures could be detected which were 

associated with early mortality or bacteraemia potentially causing late mortality. 

Modulation of intestinal flora by probiotics resulted in changes in systemic immune 

responses, and indirectly seemed to reduce late phase immune paralysis (Chapter 

9). 

The effect of the multispecies probiotics on mucosal barrier function was 

assessed in Chapter 10. In a mouse model of acute pancreatitis, probiotics 

did not improve mucosal barrier function in the early phase. In the late phase 

however, probiotics completely prevented acute pancreatitis induced mucosal 

barrier failure. Strengthening of mucosal barrier function may be a mechanism 

by which multispecies probiotics reduce infectious complications during acute 

pancreatitis.

outcome of above described experiments demonstrates favorable effects of 

probiotics in two different animal models of acute pancreatitis. However, the 

value of prophylactic multispecies probiotics in patients with predicted severe 

acute pancreatitis has not yet been confirmed clinically and a number of issues 

concerning probiotics remain to be addressed (Chapter 11). These include the 

effect of timing of probiotic treatment, locations and mechanisms of probiotic 

action, and choice of probiotic strains for specified pathophysiological targets. 

However, data presented and discussed in this thesis demonstrate that prophylactic 

multispecies probiotics possess great potential as a future prophylactic treatment 

strategy in acute pancreatitis.

SUMMARY IN DUTCH  (Nederlandse samenvatting)

Acute alvleesklierontsteking (acute pancreatitis) is een klinisch uitdagende ziekte, 

met vaak een onvoorspelbaar ziektebeloop. Een ernstige vorm met afsterven van 

alvleesklierweefsel (necrose) treedt op in 15% van de gevallen. Dit proefschrift 

bestaat uit drie delen waarin verschillende aspecten van acute pancreatitis 

onderzocht worden: 1) chirurgische behandeling, 2) het ziekteproces van 

pancreatitis en haar infectieuze complicaties en 3) het voorkómen van infectieuze 

complicaties met probiotica.

Deel I

Indien infectie van alvleeskliernecrose optreedt, dient het geïnfecteerde weefsel 

te worden verwijderd. Daarvoor zijn enkele chirurgische technieken beschikbaar, 

echter is er nog geen wetenschappelijk bewijs voor welke techniek het beste is. 

In Hoofdstuk 2 worden enkele chirurgische technieken besproken en vergeleken, 

gebaseerd op ervaringen uit het UMC Utrecht en op gegevens uit de literatuur. 

Technieken met minimaal operatietrauma lijken veelbelovend, echter hun waarde 

dient nog te worden bevestigd met meer uitgebreid wetenschappelijk onderzoek.

Een volgend probleem bij de chirurgische behandeling van ernstige acute 

pancreatitis is betrokkenheid van de dikke darm bij het zich uitbreidende 

ziekteproces (Hoofdstuk 3). De dikke darm is anatomisch nauw verwant met de 

alvleesklier. Verteringsenzymen uit de ontstoken alvleesklier kunnen de dikke darm 

beschadigen en zo een perforatie veroorzaken. Radiologisch kan een betrokken 

segment van de dikke darm worden geïdentificeerd, maar er kan geen uitspraak 

worden gedaan over het gevaar voor perforatie. Inspectie van de darm tijdens 

chirurgie blijkt een onbetrouwbare methode om onderscheid te maken tussen 

ongevaarlijke, oppervlakkige schade aan de dikke darm, of ernstige afwijkingen 

met een dreigende perforatie. Echter, het operatief verwijderen van het betrokken 

deel van de dikke darm lijkt de enige manier om een eventuele perforatie te kunnen 

voorkomen.

Deel II

Galstenen zijn een belangrijke oorzaak van acute pancreatitis. Aangenomen 

wordt dat galstenen terugvloed van gal in de alvleesklier veroorzaken en daardoor 

ontsteking. In Hoofdstuk 4 wordt beschreven dat de samenstelling van gal, dat in 

de galwegen en alvleesklier van ratten wordt gespoten, van grote invloed is op de 

Summary in Dutch
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ernst van de daaropvolgende ontsteking. Dit kan betekenen dat bij patiënten met 

galsteenklachten afwijkingen in het gal zouden kunnen worden behandeld, om zo 

het risico op acute pancreatitis te kunnen verminderen.

De prognose van acute pancreatitis wordt aanzienlijk verslechterd als bacteriën 

uit de darm treden (bacteriële translocatie) en alvleeskliernecrose infecteren. 

Hoofdstuk 5 beschrijft de onmisbare waarde van proefdieronderzoek voor de 

huidige inzichten in het ziekteproces van bacteriële translocatie. Echter, ondanks al 

het verrichte onderzoek zijn nog steeds enkele factoren van bacteriële translocatie 

onbekend, inclusief de route die bacteriën afleggen en waar (d.w.z. welk gedeelte 

van de darm) ze precies vandaan komen. De dikke darm wordt vaak als bron van 

translocerende bacteriën beschouwd. In Hoofdstuk 6 wordt echter aangetoond 

dat het verwijderen van de dikke darm, voor het optreden van acute pancreatitis, 

geen vermindering van infecties van alvleeskliernecrose geeft. Dit sluit een rol van 

de dikke darm niet uit, maar dit bevestigt wel het vermoeden dat de dunne darm 

ook een belangrijke rol speelt bij het ontstaan bacteriële translocatie. 

Deel III

Het voorkómen van infecties zal de noodzaak voor chirurgisch ingrijpen 

kunnen verminderen en zal sterfte aan acute pancreatitis reduceren. Een ideaal 

voorbehoedmiddel om infecties te voorkomen, grijpt aan op alle drie niveau’s die 

van belang zijn bij het onstaan van bacteriële translocatie: 1) het groeien van 

ziekteverwekkende bacteriën in de dunne darm, 2) het falen van de darmbarrière 

en 3) ontregeling van het immuunsysteem. Uit grote klinische studies blijkt dat 

voorbehandeling met antibiotica niet effectief is in het voorkomen van infecties of 

sterfte (Hoofstuk 7). Bovendien bestaat bij antibiotica het gevaar voor het optreden 

van antibiotica-resistente bacteriën. Voorbehandeling met probiotica zou een 

veelbelovend alternatief kunnen zijn. Probiotica zijn levende microbiologische 

voedingssupplementen die de gezondheid van de gastheer kunnen bevorderen 

door het evenwicht van bacteriën in de darm te verbeteren. Ecologic®	641 is een 

mix van probiotische bacteriën die specifiek is ontwikkeld om in te grijpen op de 

drie niveau’s van bacteriële translocatie. Dit product werd getest in Hoofdstukken 

8 tot en met 10.

In Hoofdstuk 8 werd in een rattenmodel van acute pancreatitis onderzocht wat 

het effect is van voorbehandeling met Ecologic®	 641 op de groei van ziekte-

verwekkende bacteriën in de dunne darm en op het beloop van de ziekte. Ratten 

behandeld met de probiotica bleken minder ziekteverwekkende bacteriën in de 

dunne darm te hebben dan ratten behandeld met een placebo. Hierdoor vond 

minder bacteriële translocatie en minder infectie van alvleeskliernecrose plaats. 

Bovendien werden de ratten die behandeld waren met probiotica minder ziek en 

waren er minder gevallen van sterfte in de late fase van de ziekte.

In Hoofstuk 9 werd in hetzelfde rattenmodel onderzocht wat het effect is van 

voorbehandeling met de probiotica op het immuunsysteem. Het bleek dat specifieke 

reacties van het immuunsysteem bepalend waren voor het beloop van de ziekte. 

Voorbehandeling met probiotica verminderde bepaalde ontstekingsfactoren en 

voorkwam extreem sterke of zwakke immuunreacties.

Vervolgens werd het effect van de probiotica op de darmbarrière getest in een 

muizenmodel van acute pancreatitis (Hoofstuk 10). Acute pancreatitis zorgt 

voor een verslechtering van de darmbarrièrefunctie, waardoor bacteriën uit de 

darm kunnen treden. In de vroege fase van de ziekte geeft dit vooral sterke 

immuunreacties, in de late fase zijn infecties vaak het gevolg. In het muizenmodel 

bleek dat voorbehandeling met probiotica afwijkingen in darmbarrièrefunctie in 

de vroege fase niet kon voorkomen, maar in de late fase voor volledig herstel 

van de darmbarrière zorgde. Dit is waarschijnlijk een mechanisme waardoor 

probiotica bacteriële translocatie en infecties tijdens acute pancreatitis kunnen 

verminderen.

Studies beschreven in dit proefschrift laten in twee verschillende diermodellen 

zien dat voorbehandeling met probiotica gunstige effecten heeft op het beloop 

van acute pancreatitis. Echter, de klinische waarde van voorbehandeling met 

multispecies probiotica bij patiënten met ernstige acute pancreatitis moet nog 

worden bewezen. Tevens blijven nog enkele aspecten van probioticabehanding 

onduidelijk, zoals het effect van timing van de start van behandeling, de locatie 

waar probiotica werken, werkingsmechanismen van probiotica en de keuze 

van probiotische bacteriën voor een specifiek ziekteproces (Hoofdstuk 11). De 

resultaten beschreven en bediscussieerd in dit proefschrift laten echter zien dat 

probiotica een veelbelovend middel zijn in het voorkómen van infecties en sterfte 

bij acute pancreatitis.
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