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SUMMARY 

Background & Aims. Acute pancreatitis is a sudden inflammatory disorder of the 

pancreas, the pathomechanism of which is not well understood. Although the overall 

mortality of patients with acute pancreatitis is approximately 5%, a great proportion of deaths 

is the result of the necrotizing form of the disease. Due to the rapid course of the disease and 

relative inaccessibility of human pancreatic tissue, a number of animal models have been 

developed to study the pathomechanism and to test possible treatment options. One 

noninvasive, reproducible model of necrotizing pancreatitis is the L-arginine-induced model. 

Its exact pathomechanism is unknown, therefore: A) We set out to determine whether the 

main metabolites of L-arginine (L-ornithine, L-citrulline, and nitric oxide) induce pancreatitis 

in rats. Since large doses of intraperitoneally (IP) injected L-ornithine induced severe acute 

necrotizing pancreatitis, we characterized the dose–response and time course changes of       

L-ornithine administration. B) L-arginine injection (3.5 g/kg, IP) resulted in much greater 

increases in serum ornithine versus citrulline concentration in rats. These data indicate a 

major role of arginase in the catabolism of L-arginine. Therefore, we tested the effects of the 

irreversible arginase inhibitor (+)-S-2-amino-6-iodoacetamidohexanoic acid (AIHA) on       

L-arginine-induced acute pancreatitis. C) L-ornithine is a precursor of polyamine 

biosynthesis, therefore, we investigated changes in pancreatic and extrapancreatic polyamine 

homeostasis after injection of L-ornithine. As we observed pancreatic spermidine catabolism 

in rats with L-ornithine-induced pancreatitis, we tested the effects of the metabolically stable 

polyamine analogue 1-methylspermidine (MeSpd) on L-ornithine-induced pancreatitis.  

Methods. A) Male Wistar weighing 180-250 g were injected with L-ornithine,          

L-citrulline and/or sodium nitroprusside (nitric oxide donor) IP. Dose-response and time-

course changes of laboratory and histological parameters of pancreatitis were determined. B) 

The inhibitory effect of AIHA on arginase activity was tested in vitro and in vivo. Fifteen 

mg/kg AIHA or its vehicle were administered IP 1 hour before the injection of physiological 

saline (PS) or 3.5 g/kg L-arginine IP. Laboratory and histological parameters of pancreatitis 

were determined 24 hours after the injection of PS or L-arginine. C) Rats were injected IP 

with 3 g/kg L-ornithine and/or PS and were untreated, pretreated or treated with 50 mg/kg 

MeSpd IP. The severity of pancreatitis was assessed by measuring standard laboratory and 

histological parameters. 
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Results. Intraperitoneal injection of 3 g/kg L-ornithine but not L-citrulline or sodium 

nitroprusside caused severe acute pancreatitis; 4 to 6 g/kg L-ornithine killed the animals 

within hours. Serum and ascitic amylase activities were significantly increased, whereas 

pancreatic amylase activity was decreased after IP injection of 3 g/kg L-ornithine. 

Morphologic examination of the pancreas showed massive interstitial edema, apoptosis, and 

necrosis of acinar cells and infiltration of neutrophil granulocytes and monocytes after 3 g/kg 

L-ornithine injection. One month after L-ornithine injection, the pancreas appeared almost 

normal; the destructed parenchyma was partly replaced by fat. L-ornithine concentration in 

the blood were increased 54-fold after IP administration of L-arginine. Sixty micromolars  

AIHA significantly inhibited arginase activity in vitro by about 25%. Pretreatment with AIHA 

significantly ameliorated pancreatic damage caused by L-arginine administration. It decreased 

pancreatic weight/body weight ratio, pancreatic glutathione peroxidase and myeloperoxidase 

activities, and histological damage. Administration of AIHA in itself significantly increased 

levels of pancreatic heat shock proteins. Injection of large doses of L-ornithine paradoxically 

induced pancreatic spermidine catabolism, possibly via activation of spermidine/spermine  

N1-acetyltransferase (SSAT), after appearance of the first histological signs of acute 

pancreatitis. Polyamine levels generally increased in the lung and liver with the exception of 

lung spermidine levels, which decreased. 1-methylspermidine administration did not 

influence pancreatic polyamine levels and SSAT activity and failed to ameliorate the severity 

of L-ornithine-induced pancreatitis. 

Conclusions. In conclusion, we have developed a simple, noninvasive, reproducible 

model of acute necrotizing pancreatitis in rats by IP injection of 3 g/kg L-ornithine and 

examined its time course. Large doses of L-arginine may also produce a toxic effect on the 

pancreas, at least in part, through L-ornithine. Pretreatment with AIHA reduced the severity 

of L-arginine-induced pancreatitis most likely by inhibiting arginase activity. L-ornithine-

induced pancreatitis was associated with activation of pancreatic polyamine catabolism. 

However, administration of MeSpd did not affect disease severity. Further studies are needed 

to determine how basic basic amino acids produce pancreatic injury and to reveal the exact 

role of polyamine homeostatic processes in the maintenance of pancreatic integrity. 
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1 INTRODUCTION 

Acute pancreatitis is an inflammatory disease of the pancreas, the severity of which 

varies widely from mild to severe (approximately 85% vs 15%, respectively). Its overall 

mortality is nearly 5%, however, it is approximately six times higher in patients with severe 

necrotizing pancreatitis compared with those with mild interstitial pancreatitis.[1-4] Specific 

therapy for acute pancreatitis is not yet available which is partly due to the fact that the 

pathogenesis of acute pancreatitis is not well understood.[2, 5] 

The rapid course of the disease and relative inaccessibility of human pancreatic tissue 

emphasize the importance of animal models in studying the pathomechanism of acute 

pancreatitis.[6-11] Many experimental acute pancreatitis models have been developed, however, 

the most thoroughly characterized and widely used is the secretagogue hyperstimulation 

model in rodents. The current dogmas and paradigms concerning the early events of acute 

pancreatitits basically arises from the investigation of the cholecystokinin/cerulein-induced 

model.[3] Premature activation of trypsinogen and other zymogens[12-15], as well as activation 

of the proinflammatory transcription factor nuclear factor-κB (NF-κB)[16-20] and subsequent 

induction of cytokine synthesis[21-26] have been considered as key early events in acute 

pancreatitis. The fact that the earliest molecular processes that lead to acinar cell injury cannot 

be investigated in humans underline the importance of investigation of the pathomechanism 

of acute pancreatitis in animal models.  

In practice, most of the experimental models require invasive intervention (e.g. the 

retrograde ductal injection of bile acids and the closed duodenal loop method[27-28]), or 

pancreatic damage is not that reproducible or homogeneous in distribution (like in choline-

deficient ethionine-supplemented diet in female mice[29]). However, the noninvasive nature, 

reproducibility, and homogeneity (e.g. the cholecystokinin/cerulein pancreatitis model[30]) are 

preferential in an experimental setup. Intraperitoneal (IP) injection of large doses of              

L-arginine induce severe acute necrotizing pancreatitis in rats and mice, and this model 

fulfills the preferred criteria.[31-34] Therefore, its use is becoming more popular with 

researchers investigating this challenging disease. 

The pathomechanism of L-arginine-induced pancreatitis is unknown, especially 

concerning the early events leading to the disease.[33] Changes in the levels of free radicals, 

including nitric oxide (NO), inflammatory mediators (NF-κB, interleukins), and polyamines, 
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as well as endoplasmic 

reticulum stress have all 

been thought to play critical 

role in the onset of this 

experimental pancreatitis.[35-

38] L-arginine can be 

metabolized via a number of 

different  pathways  (Fig. 1). 

Two key reactions that are 

involved in the catabolism of 

L-arginine are part of the 

urea cycle.[39] Nitric oxide 

synthase (NOS) catalyzes 

the conversion of L-arginine 

to NO and L-citrulline. NOS 

has three isoforms: the 

constitutive endothelial and 

neuronal and an inducible 

form (iNOS). The other key 

enzyme arginase has two 

isoforms which hydrolyze L-

arginine to L-ornithine and 

urea. The two arginase 

isoforms (types I and II) are 

expressed from two different loci and show different molecular properties, tissue distribution, 

subcellular location, and regulation of expression. Arginase I is a cytosolic enzyme and is 

highly expressed together with other urea cycle enzymes in the liver and to a much less 

extent, without any other urea cycle enzymes, in a few other tissues. In contrast, arginase II is 

expressed in the mitochondria, and is widely distributed in extrahepatic tissues. The putative 

function of arginase II is to regulate the L-arginine/L-ornithine ratio in different tissues where 

it is always expressed without other urea cycle enzymes. 

Figure 1. Main metabolic pathways of L-arginine. The main reactions 
involved in the metabolism of L-arginine are part of the urea cycle 
(highlighted in the blue textbox) and the polyamine biosynthesis 
(highlighted in the green textbox)  
DcSAM: decarboxylated SAM; NO: nitric oxide; NOS: nitric oxide 
synthase; ODC: ornithine decarboxylase; PAO: polyamine oxidase; 
SAM: S-adenosylmethionine SAMDC: SAM decarboxylase; SSAT: 
spermidine/spermine N1-acetyltransferase 
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Polyamines (putrescine, spermidine, and spermine) are downstream metabolites of    

L-arginine (Fig. 1). Their tightly controlled cellular homeostasis is required for optimal 

growth and function of cells. Depletion of cellular polyamine levels has been associated with 

inhibition of growth and programmed cell death.[40] Stabilization of DNA by polycationic 

polyamines has been long recognized, however, determinations of their exact physiological 

functions remain to be proven.[41-42] Polyamine biosynthesis is regulated by the activities of 

ornithine and S-adenosylmethionine decarboxylases (ODC and SAMDC, respectively), 

whereas polyamine catabolism is controlled by the rate-limiting spermidine/spermine         

N1-acetyltransferase (SSAT). The acetylated products of SSAT catalyzed reactions are 

oxidized further by polyamine oxidase (PAO) to spermidine and putrescine.  

In attempts to elucidate the physiological roles of polyamines, a number of transgenic 

mouse and rat lines have been generated with genetically altered polyamine metabolism.[40] 

The activation of polyamine biosynthesis through an overexpression of ODC brings about 

many interesting phenotypic changes, such as male infertility.[43-44] Yet these studies are 

complicated by the fact that overexpression of ODC only expands tissue putrescine pools as 

the latter diamine is not further converted to spermidine and spermine.[45-46] Overexpression 

of SSAT in transgenic rodents resulted in an immense induction of pancreatic SSAT activity, 

a profound depletion of spermidine, and spermine pools and acute pancreatitis.[47-48] Induction 

of pancreatitis could not be prevented by inhibition of polyamine oxidase, which generates 

hydrogen peroxide and a reactive aldehyde. Therefore, pancreatic inflammation was causally 

related to the profound depletion of spermidine and spermine. It has been shown that 

pancreatic SSAT activation and subsequent polyamine catabolism are characteristic features 

of experimental acute pancreatitis models and also of human pancreatic tissue samples from 

patients with acute pancreatitis.[38, 49-50] Furthermore, methylated polyamine analogues, which 

are supposed to fulfill the putative cellular functions of spermidine but are resistant to SSAT-

dependent catabolism, prevented acute pancreatitis when administered before the induction of 

the SSAT overexpressing transgene.[51] Polyamine analogue administration was also 

beneficial in other pancreatitis models including L-arginine-induced pancreatitis.[38] The 

importance of polyamines in the maintainance of pancreatic integrity is further highlighted by 

the fact that the pancreas contains the highest concentration of spermidine in the mammalian 

body.[52] However, the exact physiological function of spermidine in the pancreas is 
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unknown.[42] Consequently, metabolites of the urea cycle and polyamine biosynthesis may 

play a crucial role in the maintenance of pancreatic integrity.  

The main aims of this work were to determine whether equimolar doses of the          

L-arginine metabolites L-ornithine or L-citrulline and/or the NO donor sodium nitroprusside 

cause acute pancreatitis in rats. Large doses of IP injected L-ornithine induced severe acute 

necrotizing pancreatitis, therefore, we characterized the dose–response and time course 

changes of L-ornithine administration. Based on these results, we speculated that L-arginine 

produces a toxic effect on the pancreas, at least in part, via L-ornithine. Therefore, we tested 

the effects of the irreversible arginase inhibitor (+)-S-2-amino-6-iodoacetamidohexanoic acid 

(AIHA) on L-arginine-induced acute pancreatitis. As L-ornithine is a direct precursor of 

polyamines, the question arises how the biosynthesis and catabolism of polyamines change in 

L-ornithine-induced acute pancreatitis. Furthermore, as we observed pancreatic spermidine 

catabolism in rats with L-ornithine-induced pancreatitis, we also tested the effects of the 

metabolically stable polyamine analogue 1-methylspermidine (MeSpd) administration on the 

disease as treatment to compensate for the loss of natural spermidine.  
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2 MATERIALS AND METHODS 

2.1 Materials 

All chemicals were from Sigma-Aldrich (Munich, Germany) unless stated otherwise. 

2.2 Methods 

2.2.1 Animals 

Male Wistar rats weighing 180 to 250 g were used. The animals were kept at a 

constant room temperature of 24°C with a 12-hour light–dark cycle and were allowed free 

access to water and standard laboratory chow (Biofarm, Zagyvaszántó, Hungary). All 

experiments performed in this study were approved by the Animal Care Committee of the 

University of Szeged.  

2.2.2 Experimental Protocols 

2.2.2.1 Pilot Study with the Main Direct Downstream Metabolites of L-arginine 

 Rats (n = 3–5) were injected IP with equimolar (11.7 mL/kg 1.424 M/L) L-arginine-

HCl (cat.# A5131), L-citrulline (cat.# 27510) and/or the NO donor sodium nitroprusside 

(cat.# 71780), L-ornithine-HCl (cat.# O8305), or D-ornithine-HCl  (cat.# 75480) (all 

chemicals dissolved in physiological saline (PS) and pH set to 7.4). The animals were killed 

24 hours after the IP injection. To determine the serum concentrations of arginine, citrulline, 

and ornithine after injection of L-arginine, rats were killed at 2, 4, 6, and 12 hours.  

2.2.2.2 Dose–response and Time Course Changes of L-ornithine Injection 

To study the dose-response (n = 6) of L-ornithine administration, rats were injected IP 

with 1 to 6 g/kg body weight of L-ornithine-HCl (dissolved in PS at a concentration of       

300 mg/mL, pH = 7.4) and were killed after 24 hours. For the time course studies (n = 4–10), 

rats were injected with 3 g/kg L-ornithine and were killed 2 to 72 hours, 1 week, or 1 month 

after the injection. The control animals received PS IP and were killed 24 hours after the 

injection.  
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2.2.2.3 Effect of Irreversible Arginase Inhibition on L-arginine-induced Pancreatitis 

In each experimental group, five to eight rats were used. Rats were pretreated with    

15 mg/kg AIHA (Alexis Biochemicals, Lausen, Switzerland) (dissolved in 6 M HCl and pH 

set to 7.4 with NaOH in phosphate-buffered saline) or its vehicle IP 1 hour before injection 

with PS or 3.5 g/kg L-arginine-HCl (350 mg/mL, pH: 7.4) IP. Rats were sacrificed 24 hours 

after the L-arginine or PS injection. Pancreas, liver, kidney, and lung tissue were frozen from 

control animals for determination of arginase activity.  

2.2.2.4 Characterization of Polyamine Homeostasis in L-ornithine-induced Acute 

Pancreatitis 

 Pancreatitis was induced by IP injection with 3 g/kg L-ornithine-HCl. Polyamine 

homeostasis was studied at 6, 24, 72, and 168 hours after the induction of pancreatitis            

(n = 5-6). The control animals received PS IP and were killed 24 hours after the injection      

(n = 5). 

2.2.2.5 Effect of 1-methylspermidine on L-ornithine-induced Acute Pancreatitis 

The polyamine analogue MeSpd was synthesized from 3-aminobutanol as described 

previously[53] and was dissolved in PS (25 mg/mL, pH 7.4). Rats were divided randomly into 

6 groups. In the O24 group (n = 8), rats were injected with 3 g/kg L-ornithine-HCl IP and 

received PS IP 4 hours before (n = 4) or 4 hours after (n = 4) the L-ornithine treatment. In the 

MO24 group (n = 6), rats were pretreated with 50 mg/kg MeSpd IP 4 hours before injection 

with 3 g/kg L-ornithine IP. In the OM24 (n = 6) group, rats received 50 mg/kg MeSpd IP 4 

hours after the L-ornithine (3 g/kg) injection. In the O48 (n = 5) group, rats were injected with 

3 g/kg L-ornithine IP and received PS IP 4 and 24 hours thereafter. In the OM48 group         

(n = 5), rats were treated with 50 mg/kg MeSpd IP 4 and 24 hours after the L-ornithine         

(3 g/kg) treatment. In the control group (n = 5), rats received PS IP instead of L-ornithine and 

MeSpd. The „24” and „48” labels in the group names indicate the time points in hours at 

which rats were sacrificed after the injection of L-ornithine.  

2.2.2.6 Anaesthesia and Preparation of Tissue Samples 

In all experimental protocols, rats were killed by exsanguination through the 

abdominal aorta after anaesthetization with 44 mg/kg pentobarbital IP. Tissue samples from 
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the pancreas (cleaned from fat and lymph nodes), liver, and lung were frozen in liquid 

nitrogen and stored at -80°C until use. All blood samples were centrifuged at 2500g for        

20 minutes, and the serum was stored at -25°C. 

2.2.3 Assays 

2.2.3.1 Pancreatic Weight/Body Weight Ratio  

The pancreatic weight/body weight (p.w./b.w.) ratio was used to evaluate the degree 

of pancreatic edema.  

2.2.3.2 Serum, Pancreatic and Ascitic Amylase Activity, Serum Lipase Activity, Serum 

Aspartate Aminotransferase Activity, and Concentrations of Glucose, Calcium, 

Triglyceride, Urea, Creatinine, Arginine, Ornithine, and Citrulline 

Serum, pancreatic and ascitic amylase activities were determined by an enzymatic 

colorimetric assay standardized by the International Federation of Clinical Chemistry 

(Diagnosticum Ltd., Budapest, Hungary). Serum lipase activity was determined by an 

enzymatic colorimetric method and serum concentration of creatinine by the kinetic 

colorimetric compensated Jaffé method of Roche Diagnostics GmbH (Mannheim, Germany). 

Aspartate aminotransferase (ASAT) was measured by an IFCC UV kinetic method (Human 

GmbH, Wiesbaden, Germany). Concentrations of glucose, calcium, triglyceride and urea were 

determined by standard kits from Dialab (Vienna, Austria). The amino acid concentrations 

were assayed in dried serum specimens according to the method of Chace et al.[54] 

2.2.3.3 Pancreatic Trypsin Activity 

Active trypsin in pancreatic tissue homogenates was measured as described 

previously.[55]  

2.2.3.4 Arginase Activity  

Arginase activities in the liver, pancreas, kidney, and lung were measured as described 

previously.[56] 
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2.2.3.5 Polyamine Levels and Activities of Spermidine/Spermine N1-Acetyltransferase and 

Ornithine Decarboxylase  

The levels of the natural polyamines (spermidine, spermine, and putrescine) and the 

polyamine analogue MeSpd were determined by high-performance liquid chromatography 

according to the method of Hyvönen et al.[57] Pancreatic ODC and SSAT activities were 

assayed according to Jänne and Williams-Ashman[58] and Bernacki et al.[59], respectively. 

2.2.3.6 Pancreatic Myeloperoxidase Activity  

Pancreatic myeloperoxidase (MPO) activity, as a marker of tissue leukocyte 

infiltration, was assessed by the method of Kuebler et al.[60] 

2.2.3.7 Expression of Pancreatic HSP72, HSP27, IκB-α, and IκB-β 

Western blot analysis of pancreatic heat shock protein 27 (HSP27) and HSP72, as well 

as IκB-α and IκB-β expression was performed as described previously.[61] The protein 

concentration of the pancreatic cytosolic fraction was determined by the method of 

Bradford.[62] Samples were electrophoresed on a 10% sodium dodecyl sulfate-polyacrylamide 

gel according to the method of Laemmli.[63] Membranes were incubated with rabbit anti-

HSP72 (1:10,000 dilution, characterized previously[64]), or goat anti-HSP27 (1:500 dilution) 

or rabbit anti-IκB-α (1:500 dilution) or rabbit anti-IκB-β (1:500 dilution) (Santa Cruz 

Biotechnology, Santa Cruz, CA) antibody for an additional 1-3 hours at room temperature. 

The immunoreactive protein was visualized by enhanced chemiluminescence using 

horseradish peroxidase-coupled anti-rabbit or anti-goat immunoglobulin (Dako, Glostrup, 

Denmark) at 1:10,000 dilution for 1 hour. 

2.2.3.8 Pancreatic Interleukin-1β Concentrations 

The proinflammatory interleukin-1β (IL-1β) concentrations were measured in the 

pancreatic cytosolic fractions with an enzyme-linked immunosorbent assay kit (R&D 

Systems, Minneapolis, MN) according to the manufacturer’s instructions. 
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2.2.3.9 Pancreatic Nonprotein Sulfhydryl Group Content and the Activities of Glutathione 

Peroxidase and Superoxide Dismutase 

To determine nonprotein sulfhydryl group (NSG) content and activities of glutathione 

peroxidase (GSH-Px), Mn-, and Cu/Zn-superoxide dismutase (SOD), a part of the pancreas 

was homogenized, the homogenates centrifuged at 3000 g for 10 minutes, and the 

supernatants were used for measurements as described previously.[65]  

2.2.4 Detection of Apoptosis in the Pancreas 

2.2.4.1 Pancreatic Genomic DNA Analysis 

A biochemical hallmark of apoptosis is a characteristic form of DNA degradation in 

which the genome is cleaved at internucleosomal sites, generating a ladder-like pattern of 

DNA fragments (multiples of 180 bp) when analyzed by agarose gel electrophoresis. For a 

qualitative assessment of genomic DNA fragmentation/degradation, rat pancreata were 

ground to a powder with a mortar and pestle under liquid nitrogen and were then 

homogenized by five strokes in a glass Dounce homogenizer with 1.5- to four-fold excess of 

extraction buffer (50 mmol/L Tris-HCl [pH = 8.0], 50 mmol/L EDTA, 0.5% sodium dodecyl 

sulfate, and 0.2 mg/mL proteinase K). The homogenates were transferred to Eppendorf tubes 

and rotated at 55°C overnight. The DNA solution was extracted twice with Tris-EDTA (TE)-

saturated phenol, once with 1:1 TE-saturated phenol : chloroform and once with chloroform. 

The DNA was precipitated by adding 0.1 vol 3 mol/L sodium acetate (pH = 5.5) and 2 vol 

96% ethanol. DNA precipitate was collected by centrifugation at 13,000 g for 10 mins, rinsed 

with 70% ethanol, vacuum-dried, resuspended in 100 to 200 µL TE buffer, and finally 

digested for 1 hour at 37°C with DNAse-free RNAse. Fifteen to 20 µg of DNA was 

electrophoretically fractionated on a 1.8% agarose gel with 0.5 µg/mL ethidium bromide.  

2.2.4.2 TdT-mediated dUTP Nick End-labeling Technique 

Apoptotic cells were quantitated by TdT-mediated dUTP nick end-labeling (TUNEL) 

assay using an In Situ Cell Death Detection Kit from Roche Diagnostics (Mannheim, 

Germany) according to the manufacturer’s instructions. The number of apoptotic cells was 

counted in 0.5 mm2 of pancreatic tissue. Results are expressed as percentage of the number of 
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cell nuclei in the same area in control tissue. Note that this method of calculation will 

underestimate the rates of apoptosis in edematic pancreata. 

2.2.4.3 Microscopy 

 Cells showing characteristic changes of apoptosis were also identified by light 

microscopic technique (see subsequently). 

2.2.5 Histologic Examination (Light Microscopy) 

A portion of the pancreas, liver, kidney, and lungs was fixed in 6% neutral 

formaldehyde solution and subsequently embedded in paraffin. Sections were cut at 4 µm 

thickness and stained with hematoxylin and eosin. The slides were coded and read by two 

independent observers who were blind to the experimental protocol. Pancreatic tissue injury 

was evaluated as follows: semiquantitative grading of interstitial edema (0–3), vascular 

congestion (0 –1), leukocyte adhesion (0 –3) and infiltration (0 – 4), apoptosis (0 –3) and 

necrosis (0–4) of acinar cells was determined in each animal (described in more detail in 

Table 1). Signs indicative of regeneration: mitotic figures, ductuloacinar structures, and 

basophilia of acinar cells were recorded. 

2.2.6 Statistical Analysis 

Results are expressed as means ± SEM. Experiments were evaluated by using the 

analysis of variance followed by Dunnett’s multiple comparison post hoc test. Values of        

p < 0.05 were accepted as significant. 

 

 

 

 Scores 

 0 1 2 3 4 

Interstitial edema 0 mild moderate severe - 

Vascular congestion 0 present - - - 

Leukocyte adherence to vessel walls 0 mild moderate extensive - 

Leukocyte infiltration 0 focal diffuse/mild diffuse/moderate diffuse/severe 

Vacuolization (% of total acinar cells) 0 focal (<10) 11-25 26-50 51-75 

Necrosis (% of total acinar cells) 0 focal (<10) 11-25 26-50 51-75 

Number of apoptotic bodies (% of total acinar cells) 0 <5 6-10 11-20 - 

Regeneration 0 present - - - 

Table 1. Histological scoring system for the evaluation of pancreatic injury in rats.  (The slides were 
coded and read for the traditional histological markers of pancreatic tissue injury by two independent 
observers who were blind to the experimental protocol.) 
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3 RESULTS 

3.1 In Vivo Effects of Large Doses of the Main Direct Metabolites of L-arginine  

We first tested the effects of 3.5 g/kg L-arginine and its catabolites (administered at 

equimolar doses) on serum amylase activity, p.w./b.w. ratio, pancreatic MPO activity, and 

pancreatic histology 24 hours after the injection (n = 3). Interestingly, the IP injection of     

2.8 g/kg L-ornithine caused a more severe pancreatitis compared with the L-arginine group 

(Fig. 2; Table 2). Similar effect was seen with the 3 g/kg L-ornithine dose, so this was used 

throughout the rest of the study. In contrast, IP administration of 3 g/kg D-ornithine did not 

result in pancreatic injury (n = 5, results not shown). A dose of 2.9 g/kg L-citrulline did not 

cause an alteration in any of the measured parameters and the pancreas seemed normal in 

histology (Fig. 2; Table 2). The animals that received sodium nitroprusside (4.95 g/kg) alone 

or in combination with L-citrulline became lethargic soon after the injection and died by the 

next morning. Autopsy did not show pancreatitis in these animals. Most likely they died as a 

result of vascular complications, that is, hypotension.  

3.2 Time Course Changes of Serum Arginine, Citrulline, and Ornithine 

Concentrations in Rats Injected Intraperitoneally with 3.5 g/kg L-arginine 

Serum arginine, citrulline, and ornithine concentrations (n = 5) were all significantly 

increased after the injection of L-arginine (Fig. 3). Importantly, there were much greater 

increases in serum ornithine versus citrulline levels after L-arginine injection.  

3.3 Dose–response of Intraperitoneal Injection of L-ornithine  

The rats injected with 1 or 2 g/kg L-ornithine did not develop any pancreatic lesions  

(n = 6, results not shown). However, 3 g/kg of this basic amino acid caused a severe acute 

pancreatitis as described subsequently. A dose of 4 to 6 g/kg (n = 6) killed the animals within 

a couple of hours after the injection after developing lethargy, neurologic and neuromuscular 

symptoms (tremor, twitching, convulsion, and in some cases jumping all over the cage). 
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Figure 2. Intraperitoneal administration of L-ornit hine to rats resulted in necrotizing acute pancreatitis, 
which was more severe than that induced with L-arginine. Rats were injected intraperitoneally (IP) with 
physiological saline (PS) (control, 0) or equimolar L-arginine-HCl (Arg, 3.5 g/kg), L-ornithine-HCl          
(Orn, 2.8 g/kg), L-citrulline (Citr, 2.9 g/kg), and/or the nitric oxide donor sodium nitroprusside (4.95 g/kg). 
The animals that received sodium nitroprusside alone or in combination with L-citrulline died by the next 
morning. The rest of the rats survived the treatment and were killed by exsanguination through the abdominal 
aorta 24 hours after the IP injection. (A) The diagrams show light micrographs (hematoxylin and eosin 
staining) of the pancreata of (a) control, (b) Citr, (c) Arg, or (d) Orn-treated rats. The bar diagrams show the 
(B) serum amylase activity, (C) pancreatic weight (p.w.) / body weight (b.w.) ratio, and (D) pancreatic 
myeloperoxidase (MPO) activity. Data are shown as means ± SEM, n = 3–5. *Significant difference (p < 0.05) 
vs. the control group (0 hour). **Significant difference (p < 0.05) vs. the Arg group. 
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 Control, 0 Citr Arg Orn 

Interstitial edema 0 0 1 3 
Vascular congestion 0 0 1 1 
Leukocyte adherence 0 0 1 3 
Leukocyte infiltration 0 0 1 3 
Vacuolization 0 0 1 1 
Apoptosis 0 0 1 2 
Necrosis 0 0 3 4 

 

 

 

Figure 3. Time course changes of 
serum arginine, citrulline, and 
ornithine concentrations in rats 
injected intraperitoneally with      
3.5 g/kg L-arginine. Two hours after 
the L-arginine injection; serum (A) 
arginine concentration was increased 
by approximately 25-fold, (B) 
citrulline concentration by 
approximately three-fold, and (C) 
ornithine concentration by 
approximately 54-fold. Data are 
shown as means ± SEM, n = 5. 
*Significant difference (p < 0.05) vs. 
the control group (0 hour). 

Table 2. Evaluation of pancreatic injury 24 hours after the intraperitoneal injection of physiological 
saline (control, 0), equimolar L-citrulline (Citr, 2.9 g/kg), L-arginine (Arg, 3.5 g/kg) or L-ornithine 
(Orn, 2.8 g/kg). Scores are shown for an average of three animals. 
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3.4 Time Course Studies After Intraperitoneal Injection of Rats with 3 g/kg                

L-ornithine 

3.4.1 Macroscopic Observations  

The pancreas appeared edematous from 18 to 36 hours, its peak being at 24 hours. 

Ascites and adhesions of organs were seen from 4 to 6 hours (peaking at 24 hours). 

Occasionally, yellow–white foci indicative of chalky fat necrosis was detected in the 

mesentery of the bowels and retroperitoneum at 24 to 72 hours. Dilated small and large 

bowels suggesting functional ileus was apparent at 72 hours to 1 week after L-ornithine 

injection.  

3.4.2 Histologic Examination of the Pancreas 

The pancreas appeared normal 2 hours after L-ornithine (3 g/kg) injection. At 4 hours, 

mild interstitial edema and foamy vacuolization of the acini and vascular congestion were 

observed. At 6 hours, the number of apoptotic bodies was greatly increased and we could also 

observe focal necrosis (<10%) of acini (Fig. 4). At 9 hours, there was interstitial edema, 

neutrophilic and monocytic adherence, and focal inflammatory infiltration. There were great 

numbers of apoptotic bodies. The extent of acinar cell necrosis was 15% to 25%. At 12 hours, 

there was diffuse moderate infiltrate of monocytes and neutrophils, and the necrosis of acinar 

cells was 26% to 50%. Eighteen hours after the L-ornithine injection, the extent of pancreatic 

edema was greatly increased. Necrosis of acinar cells was increased to 51% to 75%. The most 

severe interstitial edema was observed at 24 hours. Large numbers of neutrophils and 

monocytes could be observed in the interstitial space. At 36 hours, pancreatic edema was still 

severe, but was decreased versus 24 hours. There was also a decrease in monocytic and 

neutrophilic adherence, neutrophilic infiltration, and necrosis of acinar cells (26–50%). 

Lobular architecture was distorted. Fibroblasts also appeared in the inflamed interstitium. 

Regeneration starting with undifferentiated, ductuloacinar structures with scanty cytoplasm 

and densely basophilic nuclei in the peripheral zone of the pancreas appeared. At 48 hours, 

there was diffuse severe infiltrates of macrophages/monocytes, fibroblasts, and neutrophils. 

At 72 hours, there was no pancreatic edema, but there was a diffuse severe infiltrate of 

fibroblasts, macrophages/monocytes, eosinophils, and neutrophils (Fig. 4D). There was a mild 
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degree of collagen deposition within the lobules and around ductuloacinar structures. 

Ductuloacinar structures were budding from tubular lumina. Mitotic figures and a decrease in 

the number of apoptotic bodies were evident. At 1 week, diffuse moderate infiltrates of 

fibroblasts and macrophages and relatively smaller number of eosinophils and neutrophils 

were observed (Fig. 4E). There was a mild deposition of collagen within the lobules and 

around ductuloacinar structures. Adipose tissue replaced some of the destructed lobules. 

Budding ductuloacinar structures started to form ductules and acini and a few newly formed 

acinar cells displayed zymogen granules. Dilation of small ducts and ductules were observed; 

in some cases, they contained eosinophilic material. One month after injection, the pancreas 

appeared normal, except that part of the parenchyma was replaced by fat (Fig. 4F). The acini 

showed numerous mitotic figures and regenerative atypia. Fibroblasts and macrophages were 

no longer present. One of four animals had focal periductal infiltrate composed of 

lymphocytes, macrophages, and eosinophils.  

Overall, there were no major pathologic alterations of the pancreatic duct cells, islets 

of Langerhans, and the liver in the hematoxylin and eosin sections. However, in one animal, 

striking Langerhans islet hyperplasia with mitotic figures was found at 1 month. At 9 to 36 

hours, some eosinophilic cylinders in the tubular lumina were noted in the kidneys with 

attenuation and dilation of the proximal tubules. Occasional detachment of microvilli and 

mild peritubular capillaritis also were seen. These latter changes are consistent with mild 

acute tubular necrosis. At the same time, alveolar thickening with predominant neutrophil 

infiltration and occasional hemorrhage were seen in the lungs indicative of mild respiratory 

distress syndrome.  
 

 

 

 

 2h 4h 6h 9h 12h 18h 24h 36h 48h 72h 168h 1mo 

Interstitial edema 0 0 1 1 1 2 3 2 1 0 0 0 
Vascular congestion 0 1 1 1 1 1 1 1 1 1 1 0 
Leukocyte adherence 0 0 0 1 3 3 3 2 1 0 1 0 
Leukocyte infiltration 0 0 0 1 3 3 3 4 4 4 3 0 
Vacuolization  0 1 2 3 2 1 1 0 0 0 0 0 
Apoptosis 0 1 3 3 3 3 2 2 1 1 0 0 
Necrosis  0 0 1 2 3 4 4 3 3 0 0 0 
Regeneration 0 0 0 0 0 0 0 1 1 1 1 1 
 

Table 3. Evaluation of pancreatic injury by histological examination 2–168 hours and 1 month after 
intraperitoneal injection of rats with 3 g/kg L-orn ithine. Scores are shown for an average of four 
animals. 
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Figure 4. Histopathologic changes of the pancreas in response to intraperitoneal administration of      
3 g/kg L-ornithine. (A) Two hours: no major histopathologic changes. (B) Six hours: foamy degeneration 
(asterisk) of acinar cells; arrowheads show apoptotic bodies. (C) Twenty-four hours: widespread necrosis of 
acinar cells (asterisk) and lots of apoptotic bodies. (D) Seventy-two hours: ductuloacinar structures (arrow) 
in place of disappeared acini; fibroblasts, macrophages, and some neutrophils in the interstitium. (E) One 
week: some acini have regenerated (arrow) with mitotic figures (+). (F) One month: acini show mitotic 
figures (+) and regenerative atypia; some ductuloacinar structures had undergone atrophy (arrow) with fatty 
ingrowth around them (asterisk). 
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3.4.3 Confirmation of Pancreatic Apoptosis Observed on Histologic Examination 

3.4.3.1  Genomic DNA Analysis  

Genomic DNA was extracted from pancreata 9 or 24 h after L-ornithine 

administration. Fig. 5/A shows that 9 h after L-ornithine injection we could detect a ladder 

pattern on agarose gel electrophoresis. On the other hand, DNA showed unspecific 

degradation (smear) 24 h after the administration of L-ornithine indicating severe necrosis. 

This is in accord with our histological findings as at this latter time point apoptosis was 

overcome by necrosis of the cells. 

3.4.3.2 TUNEL Technique 

According to the histological examination, the number of apoptotic cells was greatly 

elevated by 6 h after L-ornithine administration. To obtain quantitative data, the number of 

apoptotic cells was counted at selected time-points 0-48 h after L-ornithine administration. As 

shown in Fig. 5/B, the percentage of apoptotic cells was greatly increased in response to       

L-ornithine administration. The peak of apoptosis was around 6-9 h after the injection (n = 4).  

 
Figure 5. Pancreatic apoptosis is greatly increased in rats treated with 3 g/kg L-ornithine 
intraperitoneally.  (A) Genomic DNA analysis of L-ornithine (3 g/kg) injected rats in agarose gel 
electrophoresis. Genomic DNA was isolated from the pancreata of rats 0, 9, 24 hours after L-ornithine 
injection. Fifteen to 20 µg of DNA was electrophoretically fractionated on a 1.8% agarose gel with            
0.5 µg/mL ethidium bromide. Data presented are representative of three independent experiments. Mw, 
molecular weight marker; bp, base pairs. (B) The percentage of apoptotic cells in the pancreas was 
quantitated by using the TdT-mediated dUTP Nick end-labeling assay. Data are shown as means ± SEM,     
n = 4. *Significant difference (p < 0.05) vs. the control group (0 hour). 
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3.4.4 Activities of Serum, Pancreatic, and Ascitic Amylase 

The serum amylase activity significantly increased from 9 to 24 hours, but thereafter 

(at 48 hours) fell below control values (n = 4–10, Fig. 6A). Pancreatic amylase activity was 

significantly decreased from 24 hours to 1 month after L-ornithine injection and was just 

about detectable at 72 and 168 hours (n = 4–8, Fig. 6B). The ascites recovered from rats 24 

hours after L-ornithine administration had a huge amylase activity (98,096 ± 25,590 U/L,       

n = 7). 

3.4.5 Pancreatic Trypsin Activity 

Premature activation of trypsinogen is thought to play an important role in the 

development of acute pancreatitis. Pancreatic trypsin activity was significantly increased        

9 to 48 hours after IP injection of 3 g/kg L-ornithine (Fig. 6C). 

3.4.6 Pancreatic Myeloperoxidase Activity 

The extent of neutrophil infiltration was also judged by the measurement of MPO 

activity (Fig. 6D). Interestingly, inflammatory infiltration had two phases; the first one 

coincided with the peak of amylase activity (9–36 hours) and the second one occurred much 

later (at 72 hours). 

3.4.7 Induction of Pancreatic HSP72 Synthesis 

Heat shock proteins are essential cytoprotective molecules that are known to be 

induced in acute pancreatitis. HSP72, the highly inducible form of the HSP70 family, could 

not be detected in the PS-treated control group (Fig. 7A). However, by 4 hours after the 

injection of 3 g/kg L-ornithine, the levels of HSP72 were significantly increased, peaked at  

18 hours, and remained elevated until 1 month. 

3.4.8 Degradation of Pancreatic IκB-α and IκB-β and Induction of Interleukin-1β 

Synthesis 

IκB proteins are inhibitory proteins of the proinflammatory transcription factor       

NF-κB. Pancreatic IκB levels in response to L-ornithine injection were significantly decreased 

from 9 hours (Fig. 7B–C). IκB-α levels (Fig. 7B) returned to normal by 36 hours; however, 
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IκB-β level was significantly lower for up to 168 hours after injection (Fig. 7C). 

Corresponding to IκB degradation, and consequently to activation of NF-κB, pancreatic 

interleukin-1 β synthesis significantly increased from 9 hours (Fig. 7D). 

 

 

 

 

 

 

 

Figure 6. Time course of serum amylase and pancreatic amylase, trypsin and myeloperoxidase 
activities after intraperitoneal administration of 3 g/kg L-ornithine. (A) Serum amylase, (B) pancreatic 
amylase, (C) trypsin, and (D) MPO activities. The serum amylase activity significantly increased from 9 to 
24 hours, but thereafter (at 48 hours) fell below control values. Pancreatic amylase activity was significantly 
decreased from 24 hours to 1 month after L-ornithine injection and was just about detectable at 72 and 168 
hours. Trypsin activity was gradually increased from 9 hours and peaked at 24 hours after L-ornithine 
administration. MPO activity gradually increased during the course of the disease and was highest in the  
72- and 168-hour groups. Data are shown as means ± SEM, n = 4–10. *Significant difference (p < 0.05) vs. 
the control group (0 hour). 
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Figure 7. Effects of L-ornithine administration (3 g/kg intraperitoneally) on pancreatic HSP72, IκB-α, 
IκB-β, and interleukin-1β expression as a function of time. A–C, Representative Western immunoblot 
analysis of protein lysates (40 µg/lane) from the pancreata of rats 0 to 168 hours and 1 month after injection, 
showing the levels of (A) HSP72, (B) IκB-α, and (C) IκB-β as a function of time after 3 g/kg L-ornithine 
injection. (D) The graph shows the expression of the proinflammatory cytokine, interleukin-1β, as 
determined from the cytosolic fractions of pancreatic homogenates by enzyme-linked immunosorbent assay. 
Means ± SEM for four to six animals are shown. *Significant difference (p < 0.05) vs. the control group     
(0 hour). 
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3.4.9 Pancreatic Nonprotein Sulfhydryl Group Content and the Activities of Glutathione 

Peroxidase and Superoxide Dismutase 

Nonprotein sulfhydryl group content was significantly increased at 6 hours and 

decreased thereafter in the ornithine-treated group compared with the control group (Fig. 8A). 

The activities of GSH-Px (Fig. 8B) and Cu/Zn-SOD (Fig. 8C) significantly increased from   

24 hours. In contrast, Mn-SOD activity (Fig. 8D) was significantly decreased at 24 hours and 

significantly increased at 48 hours versus the control. Taken together these findings suggest 

the presence of oxidative stress in the pancreas of rats in response to L-ornithine treatment. 
 

 

 
Figure 8. L-ornithine injection (3 g/kg intraperitoneally) induces pancreatic oxidative stress. Changes 
in pancreatic (A) nonprotein sulfhydryl group (NSG) content, (B) glutathione–peroxidase (GSH-Px), (C) 
Cu/Zn, and (D) Mn superoxide dismutase (SOD) are depicted. Means ± SEM for five to six animals are 
shown. *Significant difference (p < 0.05) vs. the control group (0 hour). 
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3.4.10 Body Weight and Pancreatic Weight/Body Weight Ratio  

The body weight of the rats was significantly decreased from 1 day to 1 month after 

the administration of 3 g/kg L-ornithine versus the PS-treated control (n = 5–10, Fig. 9A). 

Pancreatic weight/body weight ratio was significantly elevated at 18 to 48 hours and 

significantly decreased at 168 hours to 1 month after L-ornithine injection (Fig. 9B). 

 

 

 
Figure 9. Time course of body weight (b.w.), pancreatic weight (p.w.)/b.w. serum aspartate 
aminotransferase (ASAT) activity and glucose concentration after intraperitoneal administration of    
3 g/kg L-ornithine. (A) b.w., (B) p.w./b.w., serum (C) ASAT activity, and (D) glucose concentration were 
determined as described in the Materials and Methods section. Data are shown as means ± SEM, n = 4–10. 
*Significant difference (p < 0.05) vs. the control group (0 hour). 
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3.4.11 Serum Aspartate Aminotransferase Activity and Concentrations of Glucose, 

Calcium, Triglyceride, Urea, and Creatinine 

Serum ASAT activity was significantly increased by approximately five-fold at 24 

hours and three-fold at 48 hours after L-ornithine injection (Fig. 9C). Serum concentrations of 

glucose were significantly decreased from 24 to 72 hours and returned to normal by 1 week 

(Fig. 9D). Serum levels of triglyceride were only significantly effected at 72 hours           

(0.40 ± 0.03 mM/L vs. 0.71 ± 0.18 mM/L in the control group). Calcium, urea, and creatinine 

concentrations were not significantly different versus the control (results not shown). 

3.5 Arginase Activity in Different Tissues and In Vitro Effect of AIHA on Arginase 

Activity  
 

3.5.1 Arginase Activity in Different 

Tissues 

Arginase activity was by far the 

highest in the liver (Fig. 10).  

Nevertheless, we could also detect 

arginase activity in the pancreas, lung, 

and kidney.  

3.5.2 In Vitro Effect of AIHA on 

Arginase Activity 

(+)-S-2-amino-6-iodoacetamido-

hexanoic acid (AIHA) dose-

dependently inhibited liver arginase 

activity of rat liver homogenate and 

purified bovine arginase in vitro      

(Fig. 11). Sixty µM AIHA (equimolar to an in vivo dose of 15 mg/kg) significantly inhibited 

liver arginase activity by about 25%.  

 

Figure 10. Arginase activity in the liver, pancreas, 
lung, and kidney of rats. Tissues were removed from 
control animals and then homogenized. Arginase 
activity was measured by exogenously added            
L-arginine using a colorimetric method, based on the 
determination of released urea. 
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3.6 Effect of AIHA on L-arginine-Induced Acute Pancreatitis in Rats  

3.6.1 Pancreatic Weight/Body Weight Ratio, Serum and Pancreatic Amylase Activity, and 

Pancreatic Trypsin and Myeloperoxidase Activities   

Pancreatic weight/body weight ratio was significantly increased in response to IP 

administration of 3.5 g/kg L-arginine (Fig. 12A). Pretreatment with AIHA significantly 

ameliorated this increase of p.w./b.w. ratio. Serum amylase activity was not significantly 

altered in any of the groups (Fig. 12B). Pancreatic contents of amylase were significantly 

decreased in the L-arginine-treated groups (Fig. 12C). Pretreatment with AIHA did not 

influence pancreatic amylase activity in rats injected with L-arginine. Pancreatic trypsin 

activity was significantly increased by L-arginine administration (Fig. 12D). Pretreatment 

with AIHA significantly ameliorated this increased pancreatic trypsin activity. 

Myeloperoxidase activity was significantly increased at 24 hours after L-arginine injection 

(Fig. 12E). Pretreatment with AIHA significantly decreased MPO activity in the L-arginine-

induced pancreatitis group.  

Figure 11. (+)-S-2-amino-6-iodoacetamidohexanoic acid (AIHA) inhibits arginase activity of rat liver 
homogenate and purified bovine liver arginase. The effect of 0 to 120 µM AIHA was tested on (A) rat 
liver homogenate or (B) purified bovine liver arginase. Sixty micromolars of AIHA (equimolar to an in vivo 
dose of 15 mg/kg) significantly inhibited arginase activity by about 25%. 
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Figure 12. Effects of AIHA pre-
treatment on laboratory parameters of 
acute pancreatitis. (A) P.w./b.w. ratio 
and activities of (B) serum and (C) 
pancreatic amylase and pancreatic (D) 
trypsin and (E) MPO. Rats were 
pretreated with 15 mg/kg AIHA (AIHA, 
+) or its vehicle (AIHA, -) IP 1 hour 
before injection with PS (Arg, -) or     
3.5 g/kg L-arginine-HCl (Arg, +) IP. 
Rats were killed 24 hours after the        
L-arginine or PS injection.          Means 
± SEM for five to eight animals are 
shown. *Significant difference              
(P < 0.05) versus the control group. 
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3.6.2 Pancreatic Nonprotein Sulfhydryl Group Content and the Activities of Glutathione 

Peroxidase and Superoxide Dismutase 

Nonprotein sulfhydryl group content and GSH-Px activity were significantly increased 

24 hours after the injection with L-arginine (Figs. 13A, B). Pretreatment with AIHA did not 

influence NSG content, but significantly reduced GSH-Px activity. Activities of Cu/Zn and 

Mn SOD were unaltered by AIHA pretreatment in the L-arginine-pancreatitis group        

(Figs. 13C, D).  

 
Figure 13. Effects of AIHA pretreatment on pancreatic markers of oxidative stress in L-arginine-
induced acute pancreatitis. Changes in pancreatic (A) NSG content, (B) GSH-Px, and (C) Cu/Zn-SOD and 
(D) Mn-SOD activities are depicted. Rats were treated as indicated in the legend of Figure 12.              
Means ± SEM for five to eight animals are shown. *Significant difference (P < 0.05) versus the control 
group. 
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3.6.3 Pancreatic Heat Shock Protein Expression  

(+)-S-2-amino-6-iodoacetamidohexanoic acid and/or L-arginine administration 

resulted in up-regulation of pancreatic HSP27 and HSP72 synthesis versus the PS treated 

control group (Fig. 14). No significant difference was found at 24 hours between the AIHA-

treated and untreated L-arginine-induced pancreatitis groups.  

 

 
 

3.6.4 Histological Examination 

The administration of 3.5 g/kg L-arginine caused severe necrotizing pancreatitis    

(Fig. 15; Table 4). Injection of AIHA in itself resulted in pancreatic hyperemia and mild 

inflammatory cell infiltration. However, AIHA pretreatment significantly reduced pancreatic 

damage in L-arginine-induced pancreatitis. 

 

 

 

 

 control AIHA L-Arginine AIHA+L-Arginine 
Vascular congestion 0.0±0.0 0.0±0.0 1.0±0.0*            1.0±0.0* 
Leukocyte adherence 0.0±0.0 0.0±0.0 2.5±0.3*            1.5±0.3*,  ** 
Interstitial edema 0.0±0.0 0.0±0.0 2.3±0.5*            1.7±0.4* 
Leukocyte infiltration 0.0±0.0 0.3±0.2 2.7±0.2*            1.7±0.2*,  ** 
Vacuolisation 0.0±0.0 0.0±0.0 1.5±0.3*            0.5±0.4   ** 
Necrosis 0.0±0.0 0.3±0.2 3.5±0.4*            1.5±0.4*,  ** 
Apoptosis 0.0±0.0 0.0±0.0 1.0±0.0*            1.0±0.0* 
Regeneration 0.0±0.0 0.0±0.0 0.5±0.3            0.2±0.2 
TOTAL 0.0±0.0 0.5±0.4    15.0±1.5*            9.0±1.3*,  ** 

 

Figure 14. Effect of AIHA 
pretreatment on pancreatic             
heat shock protein  synthesis in             
L-arginine-induced pancreatitis. 
Representative Western immunoblot 
analysis of protein lysates (40 µg/lane) 
from the pancreata of rats, showing the 
expression of HSP27 and HSP72. Rats 
were treated as indicated in the legend of 
Figure 12. 

Table 4. Effects of AIHA pretreatment on the histological parameters in L-arginine-induced acute 
pancreatitis. Rats were treated as indicated in the legend of Figure 12. Data are means ± SEM for five to 
eight animals.*Significant difference (P < 0.05) versus the control group. **Significant difference (P < 0.05) 
versus the L-arginine-treated group. 
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3.7 Polyamine Homeostasis in L-ornithine-induced Acute Pancreatitis 

3.7.1 Pancreas  

Pancreatic spermidine content significantly decreased 24 to 168 hours after the IP 

injection of 3 g/kg L-ornithine, whereas spermine content significantly increased (by 1.6-fold) 

only at 72 hours (Figs. 16A, B). Considering the different pool sizes of spermidine and 

spermine, the net effect was a significant depletion of the total polyamine pool beginning 

from 24 hours after injection of L-ornithine. Pancreatic ODC activity significantly increased 

at 24 hours (Fig. 16C); SSAT activity significantly increased from 24 hours and peaked at    

72 hours with an almost 10-fold maximum elevation and remained significantly higher than 

the activity in the control group until 168 hours (Fig. 16D). Surprisingly, putrescine was not 

detectable in the pancreas, although putrescine accumulation should be an evident 

consequence of simultaneously increased activities of SSAT and ODC (if synthesis would not 

override catabolism).  

Figure 15. Effect of (+)-S-2-amino-6-iodoacetamidohexanoic acid pretreatment on the pancreatic 
morphological damage in L-arginine-induced pancreatitis. The histological pictures show hematoxylin 
and eosin staining images of the pancreas from (A) control, (B) AIHA (15 mg/kg IP), (C) L-arginine        
(3.5 g/kg IP), or (D) AIHA + L-arginine-treated rats. Original magnification x200. The point values for each 
of the scored parameters are shown in Table 4. 
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3.7.2 Liver  

Hepatic putrescine level showed a 26-fold elevation at 6 hours after L-ornithine 

injection, but thereafter fell back to control values (Fig. 17A). Hepatic spermidine level 

significantly increased from 6 to 72 hours (Fig. 17B), and spermine content also showed 

significant elevation from 24 to 72 hours (Fig. 17C).  

3.7.3 Lung  

Similarly to that observed in the liver, lung putrescine levels showed a significant peak 

at 6 hours after L-ornithine injection (Fig. 17D). In contrast to the changes observed in the 

hepatic polyamine pools, lung spermidine content showed significantly decreased levels at 6, 

72, and 168 hours (Fig. 17E). Lung spermine content was not significantly altered at the 

investigated time points (Fig. 17F).  

Figure 16. Time-course changes in pancreatic polyamine homeostasis after intraperitoneal 
administration of 3 g/kg L-ornithine. Pancreatic (A) spermidine and (B) spermine levels and activities of 
(C) ODC and (D) SSAT are shown. Data are presented as means ± SEM, n = 5-6. *Significant difference   
(P < 0.05) versus the control group (0 hour, gray column). 
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Figure 17. Time-course changes in hepatic and lung polyamine pools after intraperitoneal 
administration of 3 g/kg L-ornithine. The diagrams demonstrate hepatic (A) putrescine, (B) spermidine, 
and (C) spermine levels; and lung (D) putrescine, (E) spermidine, and (F) spermine levels. Data are shown 
as means ± SEM, n = 5-6. *Significant difference (P < 0.05) versus the control group (0 hour, gray column). 
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3.8 Effect of the Synthetic Polyamine Analogue 1-methylspermidine on L-ornithine-

induced Acute Pancreatitis  

3.8.1 Pancreatic SSAT Activity, Putrescine, Spermidine and Spermine Content 

1-methylspermidine accumulated in the pancreas as a result of both pretreatment 

(MO24: 4.53 ± 1.79 nmol/mg protein) and treatment (OM24: 10.42 ± 1.35 nmol/mg protein, 

OM48: 8.74 ± 1.18 nmol/mg protein). Pancreatic spermidine content significantly decreased 

in the L-ornithine-treated groups (Fig. 18A), whereas spermine contents did not show any 

alteration (Fig. 18B). Pancreatic SSAT activity significantly increased in response to             

L-ornithine injection by more than 4-fold at 24 hours and more than 7-fold at 48 hours      

(Fig. 18C). Putrescine was not present in detectable amounts in any of the groups (results not 

shown). 1-methylspermidine administration did not affect any of these parameters. 

 

Figure 18. Effect of 1-methylspermidine 
administration on changes in pancreatic polyamine 
homeostasis in L-ornithine-induced acute 
pancreatitis. The diagrams demonstrate pancreatic (A) 
spermidine and (B) spermine levels and (C) SSAT 
activity. Groups of rats were injected IP with 3 g/kg     
L-ornithine (Orn +) or PS (Orn -) and were untreated 
(MeSpd -), pretreated (MeSpd PT), or treated      
(MeSpd TR) with 50 mg/kg MeSpd IP. The white and 
gray bars indicate groups of animals killed at 24 or 48 
hours (respectively) after the L-ornithine or PS injection. 
For a more detailed experimental protocol, see Materials 
and Methods (2.2.2.5). Data are shown as means ± SEM, 
n = 5-8. *Significant difference (P < 0.05) versus the 
control group (Orn -, MeSpd -). 
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3.8.2 Histological Examination  

Interstitial edema, vascular congestion, leukocyte adherence and infiltration and 

necrosis of acinar cells greatly increased at 24 and 48 hours in response to L-ornithine 

injection (Fig. 19). Apoptosis of acinar cells was detected only at 24 hours.                            

1-methylspermidine administration did not ameliorate any of the investigated histological 

parameters (Fig. 19; Table 5).  

 

 Figure 19. Effect of 1-methylspermidine on pancreatic morphological damage in L-ornithine-induced 
acute pancreatitis. The images show representative hematoxylin and eosin images of pancreata of rats 
injected IP with (A) PS or (B-F) 3 g/kg L-ornithine, which were (A, B, E) untreated, (C) pretreated, or (D, F) 
treated (twice in case of F) with 50 mg/kg MeSpd IP. Animals were killed at (A-D) 24 hours or (E-F)         
48 hours after the injection of L-ornithine or PS. Original magnification x200. 
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MeSpd - PT TR - TR 
Time of sacrifice (h) 24 48 
Hyperaemia       0.6±0.2*       1.0±0.0*     0.8±0.2*     0.8±0.2*      1.0±0.0* 
Leukocyte adherence       3.0±0.0*       3.0±0.0*     2.7±0.2*     2.8±0.2*      2.8±0.2* 
Interstitialis edema       2.8±0.2*       3.0±0.0*     2.8±0.2*     3.0±0.0*      2.8±0.2* 
Leukocyte infiltration       2.9±0.5*       2.8±0.3*     3.5±0.3*     4.0±0.0*      3.4±0.2* 
Vacoulization       0.3±0.2       0.0±0.0     0.0±0.0     0.0±0.0      0.2±0.2 
Necrosis       4.0±0.0*       4.0±0.0*     3.8±0.2*     0.0±0.0      0.0±0.0 
Apoptosis       1.8±0.5*       1.7±0.4*     1.3±0.5*     0.0±0.0      0.2±0.2 
Regeneration       0.0±0.0       0.0±0.0     0.0±0.0     1.8±0.2*      2.0±0.0* 
TOTAL      15.3±0.5*       15.5±0.6*     15.0±0.8*     12.4±0.2*     12.4±0.5* 
 

3.8.3 Serum and Pancreatic Amylase Activities, Serum Lipase Activity, and Pancreatic 

Weight/Body Weight Ratio 

Serum amylase activities did not increase significantly in response to L-ornithine 

injection. However, MeSpd treatment in the OM24 group significantly increased serum 

amylase activity, and it was also significant versus the O24 group (Fig. 20A). Pancreatic 

contents of amylase significantly decreased in the L-ornithine-treated groups versus the 

control group except in the OM24 group (Fig. 20B). Serum lipase activity significantly 

increased in the L-ornithine-treated groups at 24 hours versus the control group (Fig. 20C). 

Serum lipase activity significantly increased in the OM24 group versus the O24 group      

(Fig. 19C). Pancreatic weight/body weight ratio significantly increased at 24 hours in 

response to 3 g/kg L-ornithine (Fig. 20D). 1-methylspermidine administration did not 

influence p.w./b.w., either at 24 hours or at 48 hours. 

3.8.4 Pancreatic HSP72 and IκB-α Expression 

Injection of 3 g/kg L-ornithine induced pancreatic HSP72 synthesis at 24 hours (Fig. 

21). Pancreatic IκB-α levels decreased significantly 24 and 48 hours after the L-ornithine 

injection (Fig. 21). 1-methylspermidine administration did not affect HSP72 and IκB-α levels. 

Table 5. Effect of 1-methylspermidine on histoloigical parameters in L-ornithine-induced acute 
pancreatitis. Rats were injected IP with 3 g/kg L-ornithine and were untreated (MeSpd -), pretreated 
(MeSpd PT), or treated (MeSpd TR, twice in case of the animals killed at 48 hours) with 50 mg/kg MeSpd 
IP. Animals were killed at 24 or 48 hours after the injection of L-ornithine. Values for control animals 
(injected IP with PS instead of L-ornithine and MeSpd) were 0.0 ± 0.0. *Significant difference (P < 0.05) 
versus the control group.  
 



 34 

 

 

 

 
 

 
Figure 21. Effect of 1-methylspermidine on pancreatic HSP72 and IκB-α levels in L-ornithine-induced 
acute pancreatitis. The figure shows representative Western immunoblot analysis of protein lysates         
(40 µg/lane) from the pancreata of rats administered PS, L-ornithine, and/or MeSpd IP. See legend of Figure 
18 for the labeling of groups. Rats were sacrificed, as indicated, at 24 or 48 hours after injection with PS or 
L-ornithine. 

Figure 20. Effect of 1-methylspermidine on the activities of serum and pancreatic amylase, serum 
lipase and p.w./b.w. ratio in L-ornithine-induced acute pancreatitis. The bar charts demonstrate 
activities of (A) serum and (B) pancreatic amylase, (C) serum lipase, and (D) p.w./b.w. ratio. See legend of 
Figure 18 for the labeling of the bars. Data are shown as means ± SEM, n = 5-8. Significant difference       
(P < 0.05) versus the *control (Orn -, MeSpd -) or **Orn 24 hours (Orn +, MeSpd -, white bar) group. 
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3.8.5 Pancreatic Myeloperoxidase Activity, Pancreatic Interleukin-1β Levels and Serum 

Concentrations of Creatinine and Aspartate Aminotransferase Activity 

Pancreatic MPO activity significantly increased in the L-ornithine-treated groups 

versus the control group (Fig. 22A). Administration of MeSpd did not influence MPO activity 

in any of the groups. Corresponding to IκB degradation, and consequently to activation of 

NF-κB, pancreatic IL-1β synthesis showed significantly elevated levels at 24 and 48 hours 

after the L-ornithine injection (Fig. 22B). 1-methylspermidine treatments had no significant 

effects on proinflammatory cytokine levels, although the analogue treatment seemed to 

partially prevent the elevation of IL-1β level. Significant elevations of serum creatinine 

concentrations were detected in the O24 and OM24 groups versus the control group          

(Fig. 22C). Serum ASAT activities significantly increased 24 and 48 hours after L-ornithine 

injection (Fig. 22D). 1-methylspermidine administration did not affect serum ASAT activity 

in any of the groups. 

 
 Figure 22. Effect of 1-methylspermidine on pancreatic parameters reflecting inflammation and extra-

pancreatic organ involvement in L-ornithine-induced acute pancreatitis. The bar charts demonstrate 
pancreatic (A) MPO activities, (B) IL-1β levels and (C) serum creatinine concentrations, and (D) ASAT 
activities. See legend of Figure 18 for the labeling of the bars. Data are shown as means ± SEM, n = 5-8. 
*Significant difference (P < 0.05) versus the control group (Orn -, MeSpd -). 
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4 DISCUSSION  

This thesis characterizes a novel model of severe acute necrotizing pancreatitis 

induced by IP injection of 3 g/kg L-ornithine in rats showing typical laboratory and 

morphologic signs of that observed in the human disease. This novel pancreatitis model is 

noninvasive, more diffuse, and reproducible compared with those induced by retrograde 

ductal injection of bile acids, the closed duodenal loop method, or choline-deficient ethionine 

diet. L-ornithine-induced pancreatitis is superior to the L-arginine-induced model in that it 

produces a much severe disease with massive edema and without the confounding effects of 

possible excessive NO synthesis (at least in the initial phase of pancreatitis induction). The 

fact that 3 g/kg L-ornithine administration can induce acute pancreatitis in rats was recently 

confirmed by Zhou et al.[67] Intraperitoneal administration of 4 to 6 g/kg L-ornithine killed the 

rats within hours (before pancreatitis could develop). The death of these animals may be the 

result of effects on the central nervous system.  

In response to 3 g/kg L-ornithine the pancreas showed massive interstitial edema, 

apoptosis, and necrosis of acinar cells and infiltration of neutrophil granulocytes and 

monocytes. The necrotic process lacked morphologic signs indicative of lytic and ischemic 

damage to the cells and was evidently the result of toxic injury to the acini. The acini 

eventually regenerated. Acini that did not regenerate were replaced by fat tissue. The rate of 

pancreatic apoptosis strongly increased at 16 to 24 hours after the administration of 2.5 g/kg 

or 4 g/kg L-arginine.[37, 66] In fact, Kubish et al. found that endoplasmic reticulum stress-

regulated mechanisms are likely to be involved in the apoptosis observed in this model of the 

disease.[37] Notably, in our study, apoptosis was already at is highest level at 6 to 9 hours. A 

possible explanation for this is that in fact L-ornithine is mediating the apoptotic process (that 

is, L-arginine has been metabolized).  

Several molecular features that have been observed in other models of pancreatitis 

were observed with administration of L-ornithine. These included intrapancreatic activation 

of the digestive enzyme trypsinogen[68-70], degradation of IκB proteins associated with 

activation of the transcription factor, NF-κB[19], increased IL-1β production, increased HSP72 

content[71-72], and signs of oxidative stress[73]. The time course changes of these laboratory 

parameters were after appearance of first histological signs of acute pancreatitis (4 hours) and 

were considerably delayed compared with the cerulein-induced pancreatitis model.[33] These 
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findings are further supported by that observed in the L-arginine-model, and by our most 

recent results with another basic amino acid; in L-lysine-induced pancreatitis.[74] Since 

premature trypsinogen and NF-κB activation are considered as key early intra-acinar events in 

the onset of acute pancreatitis, these results suggest a quite different pathophysiology for 

basic amino acid-induced compared to cerulein-induced experimental pancreatitis.  

There has been longstanding debate on whether NO is involved in the pathogenesis of 

acute pancreatitis.[75] In arginine-induced pancreatitis, pancreatic constitutive NOS activity 

was depleted 6 hours after L-arginine administration, then gradually increased to significantly 

higher level than the control at 24 hours.[76] The activity of pancreatic iNOS was significantly 

increased at 24 hours after L-arginine injection. A number of studies have shown a 

protective[77-79], no[80], or detrimental[81-83] effect of NO on experimental pancreatitis. A very 

important finding deduced from the present work is that NO is unlikely to be a primary factor 

in inducing L-ornithine (or L-arginine) pancreatitis. Serum citrulline levels were only 

increased by approximately three-fold after injection of rats with 3.5 g/kg L-arginine;           

L-ornithine levels were up by approximately 54-fold. In fact, this fits in well with previous 

findings, which have shown that inhibition of NO formation by N-nitro-L-arginine methyl 

ester in L-arginine-induced pancreatitis only ameliorated laboratory parameters and did not 

influence pancreatic damage on histology.[76] In contrast, others have found that 

aminoguanidine, an isoform-specific inhibitor of iNOS, ameliorated L-arginine induced 

pancreatic injury.[82] Anyway, NO is unlikely to be involved in the early events (development) 

of pancreatitis given the time course of NOS induction. In the L-arginine-induced pancreatitis 

model, pancreatic cNOS activity was found to be depleted at 6 hrs followed by a gradually 

increasing level to a peak as observed at 24 hours.[76] The activity of iNOS was not increased 

until 24 hours (peak of injury). These results also suggest that L-arginine-induced pancreatitis 

is due to metabolism of L-arginine to L-ornithine by arginase and is not caused by its 

metabolism to L-citrulline (and NO) by NOS. That is, L-arginine administration results in a 

greater increase in blood concentration of ornithine than citrulline, and administration of      

L-ornithine but not L-citrulline causes severe pancreatitis. This finding suggested a major role 

for arginase (rather than NOS) in the catabolism of L-arginine.  

In this thesis, we have shown that pretreatment with the irreversible arginase inhibitor 

AIHA significantly reduced pancreatic damage caused by the administration of 3.5 g/kg       

L-arginine. Arginase is a key enzyme of the hepatic urea cycle, so it was not surprising that 
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the highest enzyme activity was found in the liver of rats. In accordance with values reported 

elsewhere[84], arginase activity was several-order magnitudes higher in the liver compared 

with other tissues (pancreas, lung, and kidney). Therefore, most likely, large doses of            

L-arginine are metabolized mainly by the liver. In fact, serum L-arginine concentration was 

significantly reduced below the control value 24 hours after injection.[66] Two studies have 

investigated the changes in serum arginase activity in patients with acute pancreatitis. Serum 

arginase activity was unaltered in the early phases of acute pancreatitis.[85] On the contrary, 

Scibior et al. have found that serum arginase activity was significantly reduced by treatment 

of the disease.[86]  

(+)-S-2-amino-6-iodoacetamidohexanoic acid is an irreversible inhibitor of the ODC 

and arginase and has been reported to have antifertility and antitumor effects.[87-88] The dosing 

of AIHA was based on literature data.[87-88] Sixty micromolars of AIHA (which corresponds 

to an in vivo dose of 15 mg/kg) inhibited arginase activity by about 25%. Although this rate of 

arginase inhibition is not great, even applying 120 µM AIHA in vitro did not result in 

significantly lower levels of arginase activity versus 60 µM (Fig. 11). Furthermore, since 

arginase is a critical enzyme of the urea cycle, most likely we have a limit to what we could 

decrease enzyme activity without seeing any detrimental effects. Because AIHA also inhibits 

ODC and ornithine per se can induce acute pancreatitis, the action of AIHA in modifying the 

acute pancreatitis response to arginine might be due to the inhibition of the latter step, which 

is the formation of precursor for polyamine synthesis.  

Interestingly, administration of AIHA in itself caused a stress response in the pancreas 

characterized by increased expression of HSP27 and HSP72. This may be due to the fact that 

inhibition of arginase activity will interfere with the urea cycle and increase levels of toxic 

ammonia. Preinduction of HSPs has been shown to protect against L-arginine-induced acute 

pancreatitis[89], although Takács et al. found only reductions in proinflammatory cytokine 

synthesis.[90] Nevertheless, given these contrasting results, we cannot exclude the beneficial 

effect of these chaperones on disease progression, providing their levels are increased before 

the initiation of L-arginine pancreatitis.[71] The administration of AIHA 1 hour before           

L-arginine injection ameliorated the degree of pancreatic edema, but it did not influence 

serum amylase activity in L-arginine-induced pancreatitis. Serum amylase activity is not a 

good marker of disease severity in this pancreatitis model; it is usually only mildly increased 

in the early phases of the disease. However, AIHA pretreatment also significantly reduced 



 39 

parameters of pancreatic oxidative stress, trypsin and MPO activity, and histological damage. 

Taken together, our results suggest that AIHA pretreatment reduces the severity of                

L-arginine-induced acute pancreatitis most likely by inhibiting arginase activity. Conversion 

of L-arginine to L-ornithine by arginase seems to be detrimental in L-arginine-induced acute 

pancreatitis.  

L-ornithine can serve as substrate for ODC, the initial and rate-limiting enzyme in the 

polyamine biosynthetic pathway. A large dose of L-ornithine/L-arginine will inevitably 

influence polyamine levels. The involvement of polyamines in the pathogenesis of acute 

pancreatitis was first found in transgenic rats overexpressing SSAT.[47] Later studies have 

further supported that polyamine catabolism seems to be a general feature of acute 

pancreatitis.[38, 49-50] Interestingly, we have also found increased pancreatic spermidine 

catabolism (possibly mediated via activation of SSAT) in L-ornithine-induced acute 

pancreatitis. In contrast, polyamine levels generally increased in the lung and liver with the 

exception of lung spermidine levels, which decreased. Assuming that the direct 

transformation of L-ornithine into putrescine may secure specific targeting of the polyamine 

metabolism but consists of a partial utilization of L-ornithine, „detoxification” of the excess 

amino acid load may also include conversion of L-ornithine to citrulline or glutamic 

semialdehyde. The influence of these metabolic routes cannot be excluded. In this thesis on  

L-ornithine-induced acute pancreatitis, we have shown that polyamine levels are altered only 

after the first signs of histological damage. Whereas the earliest events (vascular congestion, 

vacuolization, and apoptosis of acinar cells) in L-ornithine-induced acute pancreatitis 

pancreas can already be detected at 4 hours, polyamine catabolism started only after 6 hours. 

The belated elevations in the activity of SSAT and spermidine catabolism suggest that these 

mechanisms do not take part in the initiation of L-ornithine-induced acute pancreatitis. 

Nevertheless, polyamine catabolism was apparent at 24 hours after the injection of                

L-ornithine when the highest degree of pancreatic injury was detected. The earliest time point 

at which pancreatic polyamine pools and SSAT activity were investigated in the similar       

L-arginine-induced model was 24 hours.[38] However, in taurocholate-induced pancreatitis, 

pancreatic SSAT activity already increased from 3 to 6 hours.[50] An interesting difference 

between the taurocholate-induced, L-arginine-induced, and the L-ornithine-induced models is 

that neither spermine catabolism nor putrescine accumulation could be detected in the 

pancreas despite the elevations in SSAT and ODC activities in the L-ornithine-induced 
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model. As polyamine homeostasis is controlled not only by their metabolism, but also by their 

secretion and uptake, these findings might be a consequence of altered polyamine 

transport.[91-92] They may also be an indication of accelerated polyamine metabolic cycle, as 

described for SSAT transgenic mice[93], which could in part explain the lack of spermine 

depletion in L-ornithine-induced pancreatitis where the synthesis dominates over the 

catabolism. As acute pancreatitis will affect extrapancreatic organs such as the liver and lung, 

we also investigated changes of polyamine pools in these tissues. Depletion of spermidine and 

spermine levels has been reported in red blood cells of rats with taurocholate-induced 

pancreatitis, and these changes correlated with the extent of pancreatic necrosis.[94] We have 

demonstrated that changes in polyamine pools in response to L-ornithine injection occur not 

only in the pancreas and blood, but also in the liver and lung. Although a marked 

accumulation of putrescine was observed in these tissues at 6 hours, subsequent activation of 

polyamine catabolism was not detected in these organs. Only a moderate decrease was found 

in lung spermidine levels.  

Synthetic α-methylated polyamine analogues, such as MeSpd, are metabolically more 

stable than natural polyamines as they are not substrates for SSAT and are poor substrates for 

spermine synthase.[95] Nevertheless, they are supposed to fulfill most of the putative cellular 

functions of natural spermidine and spermine. Methylated derivatives of polyamines are 

substrates of proteins involved in polyamine transport and accumulate in the pancreas after IP 

administration. Moreover, they act as substitutes of natural polyamines.[96]                             

1-methylspermidine pretreatment totally prevented zinc-induced pancreatitis in transgenic rats 

overexpressing SSAT as judged by plasma α-amylase activity and histopathology.[51] We 

administered MeSpd (to compensate for depleted pancreatic spermidine levels) as a single-

injection pretreatment before the induction of L-ornithine-induced pancreatitis or twice as 

treatment after the induction of pancreatitis. Pretreatment or treatment with MeSpd did not 

influence the levels of natural polyamines and SSAT activity. In both cases, MeSpd was 

ineffective at reducing the severity of the disease. This was demonstrated by measuring 

several laboratory and histological parameters of acute pancreatitis. Both the pretreatment and 

treatment with MeSpd led to decreased spermidine levels in the L-ornithine-induced 

pancreatitic groups, which suggest that catabolism of the natural polyamines further increased 

in the presence of synthetic polyamine analogue or the analogue replaces the natural 

spermidine in its binding site in the tissue. This may be explained by the finding that the 
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analogue did not accumulate in the pancreas to the level compensating for the most of 

spermidine depletion with the exception of the treatment group at 24 hours. The dosing of 

MeSpd was based on literature data, we applied the same doses as Hyvönen et al. with the    

L-arginine model.[38] The current results are partly in contrast with the earlier studies on        

L-arginine- and taurocholate-induced pancreatitis. 1-methylspermidine pretreatment was 

shown to reduce the severity of L-arginine-induced (2.5 g/kg) pancreatitis without preventing 

SSAT activation and subsequent polyamine catabolism.[38] In contrast (and in accordance with 

our results), the severity of cerulein-induced (7 x 50 µg/kg) pancreatitis was not affected by 

MeSpd pretreatment.[38] The common feature is that neither in cerulein-induced pancreatitis 

nor in L-ornithine-induced pancreatitis did the analogue accumulate to the levels 

compensating for the depleted polyamine pools. Bismethylspermine treatment (but not 

pretreatment) ameliorated pancreatic injury at 24 hours after the induction of taurocholate-

induced pancreatitis, but it did not ameliorate the late progression of the pancreatic necrosis at 

72 hours.[94] Moreover, bismethylspermine treatment resulted in lethal toxicity at 72 hours 

after induction of pancreatitis.[94] We must note that the infusion of sodium taurodeoxycholate 

(2%) into the pancreatic duct or IP injection of 2.5 g/kg L-arginine will result in milder 

pancreatitis versus 3 g/kg L-ornithine. In the present work, it was shown that increased SSAT 

activity and consequent spermidine catabolism in the pancreas are apparent phenomena in    

L-ornithine-induced acute pancreatitis in rats. However, the fact that these changes occur 

belatedly and that MeSpd administration did not ameliorate any of the parameters, either in 

the pretreatment or in treatment group, suggests that activated polyamine catabolism does not 

play a role in the initiation of pancreatic injury in L-ornithine-induced experimental 

pancreatitis. The organ-specific responses to L-ornithine and the method of pancreatic 

damage induction by the basic amino acid need to be investigated.  

In summary, we have developed a simple, noninvasive, reproducible model of acute 

necrotizing pancreatitis in rats by intraperitoneal injection of 3 g/kg L-ornithine and examined 

its time course. Large doses of L-arginine (known to induce acute pancreatitis) may also 

produce a toxic effect on the pancreas, at least in part, through L-ornithine. Further studies are 

needed to determine how these basic amino acids produce pancreatic injury and to reveal the 

exact role of polyamine homeostatic processes in the maintenance of pancreatic integrity. 
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A new severe acute necrotizing pancreatitis model induced by
L-ornithine in rats
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János Lonovics, MD, PhD, DSc; Imre Boros, MSc, PhD, DSc; Ilya Gukovsky, MSc, PhD;
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Acute pancreatitis is a sudden
inflammatory disorder of the
pancreas (1). The disease can
present in a mild or severe

form. Although the overall mortality of
patients with acute pancreatitis is approx-
imately 5%, a great proportion of deaths
is the result of the necrotizing form of
the disease. To study the pathomecha-

nism and to test possible treatment op-
tions of severe acute pancreatitis, a num-
ber of experimental models have been
developed. However, most of these mod-
els are invasive (such as the retrograde
ductal injection of bile acids and the
closed duodenal loop method) (2, 3), or
pancreatic damage is not that reproduc-
ible or homogeneous in distribution (like

in choline-deficient ethionine-supple-
mented diet) (4). However, the noninva-
sive nature, reproducibility, and homoge-
neity (as found with the edematous
cerulein pancreatitis model [5]) are pref-
erential in an experimental setup. Severe
acute pancreatitis induced by intraperito-
neal (IP) injection of rats and mice with
L-arginine fulfills these criteria and its
use is getting more popular with re-
searchers investigating this challenging
disease (6–9). The mechanism by which
L-arginine produces pancreatic injury is
unknown. Free radicals, including nitric
oxide (NO), inflammatory mediators (nu-
clear factor-�B, interleukins), endoplas-
mic reticulum stress, and polyamines,
have all been implicated in this response
(8, 10, 11).

The metabolism of L-arginine can oc-
cur through a number of different path-
ways. Two key enzymes that are involved

Objective: Intraperitoneal administration of large doses of L-
arginine is known to induce severe acute pancreatitis in rats. We
therefore set out to determine whether metabolites of L-arginine
(L-ornithine, L-citrulline, and nitric oxide) cause pancreatitis.

Design: The authors conducted an in vivo animal study.
Setting: This study was conducted at a university research

laboratory.
Subjects: Study subjects were male Wistar rats.
Interventions: Dose–response and time course changes of

laboratory and histologic parameters of pancreatitis were deter-
mined after L-arginine, L-ornithine, L-citrulline, or sodium nitro-
prusside (nitric oxide donor) injection.

Measurements and Main Results: Intraperitoneal injection of 3
g/kg L-ornithine but not L-citrulline or nitroprusside caused severe
acute pancreatitis; 4 to 6 g/kg L-ornithine killed the animals
within hours. Serum and ascitic amylase activities were signifi-
cantly increased, whereas pancreatic amylase activity was de-
creased after intraperitoneal injection of 3 g/kg L-ornithine. The
increase in pancreatic trypsin activity (9–48 hrs) correlated with
the degradation of I�B proteins and elevated interleukin-1� lev-
els. Oxidative stress in the pancreas was evident from 6 hrs;

HSP72 synthesis was increased from 4 hrs after L-ornithine ad-
ministration. Morphologic examination of the pancreas showed
massive interstitial edema, apoptosis, and necrosis of acinar cells
and infiltration of neutrophil granulocytes and monocytes 18 to 36
hrs after 3 g/kg L-ornithine injection. One month after L-ornithine
injection, the pancreas appeared almost normal; the destructed
parenchyma was partly replaced by fat. Equimolar administration
of L-arginine resulted in lower pancreatic weight/body weight
ratio, pancreatic myeloperoxidase activity, and histologic damage
compared with the L-ornithine-treated group. L-ornithine levels in
the blood were increased 54-fold after intraperitoneal adminis-
tration of L-arginine.

Conclusions: We have developed a simple, noninvasive model
of acute necrotizing pancreatitis in rats by intraperitoneal injec-
tion of 3 g/kg L-ornithine. Interestingly, we found that, compared
with L-arginine, L-ornithine was even more effective at inducing
pancreatitis. Large doses of L-arginine produce a toxic effect on
the pancreas, at least in part, through L-ornithine. (Crit Care Med
2008; 36:2117–2127)

KEY WORDS: L-ornithine; L-arginine; acute pancreatitis
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in this process are NO synthase (NOS)
and arginase. NOS (which has three iso-
forms: the constitutive endothelial and
neuronal, and an inducible form [iNOS])
catalyze the conversion of L-arginine into
NO and L-citrulline, whereas arginase hy-
drolyzes L-arginine to L-ornithine and
urea (12). Therefore, we set out to deter-
mine whether equimolar doses of the L-
arginine metabolites L-ornithine or L-
citrulline and/or the NO donor sodium
nitroprusside cause pancreatitis in rats.
Intraperitoneally injected L-ornithine
but not L-citrulline or nitroprusside in-
duced severe acute necrotizing pancre-
atitis. The main aim of this study was to
characterize the dose–response and
time course changes of L-ornithine ad-
ministration.

MATERIALS AND METHODS

Materials

Chemicals were from Sigma-Aldrich (Mu-
nich, Germany) unless stated otherwise.

Experimental Protocol

Animals. Male Wistar rats weighing 200 to
240 g were used. The animals were kept at a
constant room temperature of 24°C with a 12-hr
light–dark cycle and were allowed free access to
water and standard laboratory chow (Biofarm,
Zagyvaszántó, Hungary). In each experimental
group, four to ten rats were used. The experi-
ments performed in this study were approved by
the Animal Care Committee of the university.

Pilot study. In a pilot study, rats (n � 3–5)
were injected IP with equimolar (11.7 mL/kg
1.424 M/L) L-arginine (cat. A5131), L-citrulline
(cat. 27510), and/or the NO donor sodium
nitroprusside (cat. 71780), L-ornithine (cat.
O8305), or D-ornithine (cat. 75480). The ani-
mals were killed by exsanguination through
the abdominal aorta 24 hrs after the IP injec-
tion. To determine the serum concentrations

of arginine, citrulline, and ornithine after in-
jection of L-arginine, rats were killed at 2, 4, 6,
and 12 hrs. The pancreas was quickly re-
moved, cleaned from fat and lymph nodes,
weighed, and frozen in liquid nitrogen and
stored at �80°C until use. All blood samples
were centrifuged at 2500 g for 20 mins and the
serum was stored at �25°C.

Dose–response and Time Course Changes
of L-ornithine Injection. To study the dose–
response (n � 6) of L-ornithine, rats were
injected IP with 1 to 6 g/kg body weight of
L-ornithine (dissolved in physiological saline
at a concentration of 300 mg/mL, pH � 7.4)
and were killed after 24 hrs as described pre-
viously. For the time course studies (n �
4–10), the rats were injected with 3 g/kg L-
ornithine and were killed 2 to 72 hrs, 1 wk, or
1 month after the injection. The control ani-
mals received physiological saline IP and were
killed 24 hrs after the injection.

Assays

Serum, Pancreatic and Ascites Amylase
Activity, Serum Aspartate Aminotransferase
Activity, and Concentrations of Glucose, Cal-
cium, Triglyceride, Urea, Creatinine, Argi-
nine, Ornithine, and Citrulline. Laboratory
parameters, excluding the amino acids, were
determined by standard kits from Dialab (Vi-
enna, Austria). The amino acids were assayed
in dried serum specimens according to the
method of Chace et al (13).

Pancreatic Weight/Body Weight Ratio.
This ratio was used to evaluate the degree of
pancreatic edema.

Pancreatic Trypsin Activity. Active trypsin
in pancreatic tissue homogenates was mea-
sured as described previously (14).

Expression of Pancreatic HSP72, I�B-�,
and I�B-�. Western blot analysis of pancreatic
HSP72, I�B-�, and I�B-� expression was per-
formed from the cytosolic fraction of the pan-
creas homogenate as described previously (15).

Pancreatic Interleukin-1� Concentrations.
The proinflammatory interleukin-1� concen-
trations were measured in the pancreatic cy-
tosolic fractions with an enzyme-linked im-

munosorbent assay kit (R&D Systems,
Minneapolis, MN) according to the manufac-
turers’ instructions.

Pancreatic Nonprotein Sulfhydryl Group
Content and the Activities of Glutathione Per-
oxidase and Superoxide Dismutase. To deter-
mine nonprotein sulfhydryl group content and
activities of glutathione peroxidase, Mn-, and
Cu/Zn-superoxide dismutase (SOD), a part of
the pancreas was homogenized, the homoge-
nates centrifuged at 3000 g for 10 mins, and
the supernatants were used for measurements
as described previously (16).

Pancreatic Myeloperoxidase Activity. Pan-
creatic myeloperoxidase activity, as a marker
of tissue leukocyte infiltration, was assessed by
the method of Kuebler et al (17).

Detection of Apoptosis in the
Pancreas

Pancreatic Genomic DNA Analysis. A bio-
chemical hallmark of apoptosis is a charac-
teristic form of DNA degradation in which
the genome is cleaved at internucleosomal
sites, generating a ladder-like pattern of
DNA fragments (multiples of 180 bp) when
analyzed by agarose gel electrophoresis. For
a qualitative assessment of genomic DNA
fragmentation/degradation, rat pancreata
were ground to a powder with a mortar and
pestle under liquid nitrogen and were then
homogenized by five strokes in a glass
Dounce homogenizer with 1.5- to four-fold
excess of extraction buffer (50 mmol/L Tris-
HCl [pH � 8.0], 50 mmol/L EDTA, .5%
sodium dodecyl sulfate, and .2 mg/mL pro-
teinase K). The homogenates were trans-
ferred to Eppendorf tubes and rotated at
55°C overnight. The DNA solution was ex-
tracted twice with TE-saturated phenol,
once with 1:1 Tris-EDTA-saturated phenol:
chloroform and once with chloroform. The
DNA was precipitated by adding .1 vol 3
mol/L sodium acetate (pH � 5.5) and 2 vol
96% ethanol. DNA precipitate was collected
by centrifugation at 13,000 g for 10 mins,
rinsed with 70% ethanol, vacuum-dried, re-
suspended in 100 to 200 �L Tris-EDTA

Table 1. Histological scoring system for the evaluation of pancreatic injury in rats

Scores

0 1 2 3 4

Interstitial edema 0 Mild Moderate Severe —
Vascular congestion 0 Present — — —
Leukocyte adherence to vessel walls 0 Mild Moderate Extensive —
Leukocyte infiltration 0 Focal Diffuse/mild Diffuse/moderate Diffuse/severe
Vacuolization (% of total acinar cells) 0 Focal (�10) 11–25 26–50 51–75
Necrosis (% of total acinar cells) 0 Focal (�10) 11–25 26–50 51–75
Number of apoptotic bodies (% of total acinar cells) 0 �5 6–10 11–20 —
Regeneration 0 Present — — —

The slides were coded and read for the traditional histological markers of pancreatic tissue injury by two independent observers who were blind to the
experimental protocol.
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buffer, and finally digested for 1 hr at 37°C
with DNAse-free RNAse. Fifteen to 20 �g of
DNA was electrophoretically fractionated on
a 1.8% agarose gel with .5 �g/mL ethidium
bromide.

TdT-mediated dUTP Nick End-labeling
Technique. Apoptotic cells were quantitated
by TdT-mediated dUTP nick end-labeling
(TUNEL) assay using an In Situ Cell Death
Detection Kit from Roche Diagnostics
(Mannheim, Germany) according to the
manufacturer’s instructions. The number of
apoptotic cells was counted in .5 mm2 of
pancreatic tissue. Results are expressed as per-
centage of the number of cell nuclei in the same
area in control tissue. Note that this method of
calculation will underestimate the rates of apo-
ptosis in edematic pancreata.

Microscopy. Cells showing characteristic
changes of apoptosis were also recognized by
light and electron microscopic techniques (see
subsequently).

Histologic Examination

Light Microscopy. A portion of the pan-
creas, liver, kidney, and lungs was fixed in 6%
neutral formaldehyde solution and subse-
quently embedded in paraffin. Sections were
cut at 4 �m thickness and stained with hema-
toxylin and eosin. The slides were coded and
read by two independent observers who were
blind to the experimental protocol. Pancreatic
tissue injury was evaluated as follows: semi-
quantitative grading of interstitial edema (0–
3), vascular congestion (0–1), leukocyte adhe-
sion (0 –3) and infiltration (0 – 4), and
apoptosis (0–3) and necrosis (0–4) of acinar
cells was determined in each animal (de-
scribed in more detail in Table 1). Signs in-
dicative of regeneration: mitotic figures, duc-
tuloacinar structures, and basophilia of acinar
cells were recorded.

Transmission Electron Microscopy. Small
pieces of pancreata were prepared for electron
microscopy 0, 6, and 24 hrs and 1 wk after L-
ornithine treatment as described previously (18).

Statistical Analysis

Results are expressed as means � SEM. Ex-
periments were evaluated by using the analy-
sis of variance followed by Dunnett’s multiple
comparison post hoc test. Values of p � .05
were accepted as significant.

RESULTS

Pilot Study

We first tested the effects of 3.5 g/kg
L-arginine and its metabolites (adminis-
tered at equimolar doses) on serum amy-
lase activity, pancreatic weight/body
weight ratio, pancreatic myeloperoxidase
activity, and pancreatic histology 24 hrs

Figure 1. Intraperitoneal (IP) administration of L-ornithine to rats resulted in necrotizing acute pancre-
atitis, which was more severe than that induced with L-arginine. Rats were injected intraperitoneally with
physiologic saline (control, 0) or equimolar L-arginine (Arg, 3.5 g/kg), L-ornithine (Orn, 2.8 g/kg),
L-citrulline (Citr, 2.9 g/kg), and/or the nitric oxide donor sodium nitroprusside (4.95 g/kg). The animals that
received sodium nitroprusside alone or in combination with L-citrulline died by the next morning. The rest
of the rats survived the treatment and were killed by exsanguination through the abdominal aorta 24 hrs
after the IP injection. A, The diagrams show light micrographs (hematoxylin and eosin staining) of
the pancreata of (a) control, (b) citrulline (Ctr.), (c) arginine (Arg), or (d) ornithine (Orn)-treated
rats. The bar diagrams show the (B) serum amylase activity, (C) pancreatic weight (Pw) body
weight (b.w.) ratio, and (D) pancreatic myeloperoxidase activity. Data are shown as means � SEM,
n � 3–5. *Significant difference (p � .05) vs. the control group (0 hr). **Significant difference
(p � .05) vs. the Arg group. MPO, myeloperoxidase.
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after the injection (n � 3). Interestingly,
the IP injection of 2.8 g/kg L-ornithine
caused a more severe pancreatitis com-
pared with the L-arginine group (Fig. 1;
Table 2). Similar effect was seen with the
3 g/kg L-ornithine dose, so this was used
throughout the rest of the study. In con-
trast, IP administration of 3 g/kg D-
ornithine did not result in pancreatic in-
jury (n � 5, results not shown). A dose of
2.9 g/kg L-citrulline did not cause an al-
teration in any of the measured parame-
ters and the pancreas seemed normal in
histology (Fig. 1; Table 2). The animals
that received sodium nitroprusside (4.95
g/kg) alone or in combination with L-
citrulline became lethargic soon after the
injection and died by the next morning.
This is in accord with the material safety
data sheet provided with nitroprusside by
Sigma-Aldrich, who report the IP LD50
for this compound at only 7 mg/kg. Au-
topsy did not show pancreatitis in these
animals. Most likely they died as a result
of vascular complications, that is, hypo-
tension.

Time Course Changes of Serum Argi-
nine, Citrulline, and Ornithine Concentra-
tions in Rats Injected Intraperitoneally
with 3.5 g/kg L-arginine. Serum arginine,
citrulline, and ornithine concentrations
(n � 5) were all significantly increased
after the injection of L-arginine (Fig. 2).
Importantly, there were much greater in-
creases in serum ornithine versus citrul-
line levels after L-arginine injection.

Dose–response of
Intraperitoneal Injection of 1 to
6 g/kg L-ornithine

The rats injected with 1 or 2 g/kg
L-ornithine did not develop any pancre-
atic lesions (n � 6, results not shown).
However, 3 g/kg of this basic amino acid
caused a severe acute pancreatitis as de-
scribed subsequently. A dose of 4 to 6
g/kg (n � 6) killed the animals within a
couple of hours after the injection after
developing lethargy, neurologic and neu-
romuscular symptoms (tremor, twitch-
ing, convulsion, and in some cases jump-
ing all over the cage).

Time Course Studies After
Intraperitoneal Injection of Rats
with 3 g/kg L-ornithine

Macroscopic Observations. The pancreas
appeared edematous from 18 to 36 hrs, its
peak being at 24 hrs. Ascites and adhesions of
organs were seen from 4 to 6 hrs (peaking at

24 hrs). Occasionally, yellow–white foci indic-
ative of chalky fat necrosis was detected in the
mesentery of the bowels and retroperitoneum
at 24 to 72 hrs. Dilated small and large bowels
suggesting functional ileus was apparent at 72
hrs to 1 wk after L-ornithine injection.

Histologic Examination of the
Pancreas (Table 3)

0 to 6 Hrs. The pancreas appeared
normal 2 hrs after L-ornithine (3 g/kg)

injection. At 4 hrs, mild interstitial
edema and foamy vacuolization of the
acini and vascular congestion were ob-
served. At 6 hrs, the number of apoptotic
bodies was greatly increased and we could
also observe focal necrosis (�10%) of
acini (Fig. 3). Electron microscopy re-
vealed the appearance of large autophagic
vacuoles containing zymogen granules in
varying stages of degradation, dense ma-
terial, myelin figures, and mitochondrial

Figure 2. Time course changes of serum arginine, citrulline, and ornithine concentrations in rats injected
intraperitoneally with 3.5 g/kg L-arginine. 2 hrs after the L-arginine injection; serum (A) arginine concen-
tration was increased by approximately 25-fold, (B) citrulline concentration by approximately three-fold,
and (C) ornithine concentration by approximately 54-fold. Data are shown as means � SEM, n � 5.
*Significant difference (p � .05) vs. the control group (0 hrs).

Table 2. Evaluation of pancreatic injury 24 hrs after the intraperitoneal injection of physiological
saline (control, 0), equimolar L-citrulline (Citr, 2.9 g/kg), L-arginine (Arg, 3.5 g/kg) or L-ornithine
(Orn, 2.8 g/kg)

Control, 0 Citr Arg Orn

Interstitial edema 0 0 1 3
Vascular congestion 0 0 1 1
Leukocyte adherence 0 0 1 3
Leukocyte infiltration 0 0 1 3
Vacuolization 0 0 1 1
Apoptosis 0 0 1 2
Necrosis 0 0 3 4

Scores are shown for an average of three animals.
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remnants in acinar cells at 6 hrs (Fig. 4).
The foamy vacuolization corresponded to
accumulation of lipid droplets of medium
density in the basal compartment of the
cells. Overall, tight junctions, mitochon-
dria, and endoplasmic reticulum were
well preserved. In some acinar cells,
condensation of the chromatin under
the nuclear membrane and disappear-
ance of the nucleoli with or without
shrinkage of the cytoplasm (ongoing
apoptosis) were detected. In these cells,
the mitochondrial cristae and the
rough endoplasmic reticulum were
mildly dilated with disengagement of
ribosomes from the latter.

9 to 12 Hrs. At 9 hrs, there was inter-
stitial edema, neutrophilic and mono-
cytic adherence, and focal infiltration.
There were great numbers of large auto-
phagic vacuoles and apoptotic bodies.
The extent of acinar cell necrosis was
15% to 25%. At 12 hrs, there was diffuse
moderate infiltrate of monocytes and
neutrophils, and the necrosis of acinar
cells was 26% to 50%.

18 to 24 Hrs. Eighteen hours after the
L-ornithine injection, the extent of pan-
creatic edema was greatly increased and
there was a decrease in the number of
autophagic vacuoles in the acinar cells.
Necrosis of acinar cells was increased to
51% to 75%. The most severe interstitial
edema was observed at 24 hrs. Electron
microscopy of tissue at 24 hrs showed
severe but zonal damage to the acini as a
whole and several types of cell death (Fig.
4). Damaged, necrotic cells predomi-
nantly localized to the center of the acini,
and the less severely injured cells were
observed in the basal part of the acini.
There were large autophagic vacuoles
containing zymogen granules in varying
stages of degradation, myelin figures,
and/or granular electron-dense material.
There was a marked reduction or com-
plete disappearance of zymogen granules.
Two main types of nuclear damage were

observed: the disappearance of the nu-
clear membrane with entire lysis of the
nucleus or the condensation of the chro-
matin beneath the nuclear membrane
(the extent of the latter was lower). Dis-

appearance of the nucleoli with or with-
out shrinkage of the cytoplasm was ex-
tensively seen. Lipid droplets of medium
density persisted in the basal compartment
of the acinar cells. The mitochondria

Figure 3. Histopathologic changes of the pancreas in response to intraperitoneal administration of 3
g/kg L-ornithine. A, Two hours: no major histopathologic changes. B, Six hours: foamy degeneration
(asterisk) of acinar cells; arrowheads show apoptotic bodies. C, Twenty-four hours: widespread necrosis
of acinar cells (asterisk) and lots of apoptotic bodies. D, Seventy-two hours: ductuloacinar structures
(arrow) in place of disappeared acini; fibroblasts, macrophages, and some neutrophils in the intersti-
tium. E, One week: some acini have regenerated (arrow) with mitotic figures (	). F, One month: acini
show mitotic figures (	) and regenerative atypia; some ductuloacinar structure had undergone
atrophy (arrow) with fatty ingrowth around them (asterisk).

Table 3. Evaluation of pancreatic injury by histological examination 2–168 hrs and 1 month after intraperitoneal injection of rats with 3 g/kg L-ornithine

2 hrs 4 hrs 6 hrs 9 hrs 12 hrs 18 hrs 24 hrs 36 hrs 48 hrs 72 hrs 168 hrs 1 Month

Interstitial edema 0 0 1 1 1 2 3 2 1 0 0 0
Vascular congestion 0 1 1 1 1 1 1 1 1 1 1 0
Leukocyte adherence 0 0 0 1 3 3 3 2 1 0 1 0
Leukocyte infiltration 0 0 0 1 3 3 3 4 4 4 3 0
Vacuolization 0 1 2 3 2 1 1 0 0 0 0 0
Apoptosis 0 1 3 3 3 3 2 2 1 1 0 0
Necrosis 0 0 1 2 3 4 4 3 3 0 0 0
Regeneration 0 0 0 0 0 0 0 1 1 1 1 1

Scores are shown for an average of four animals.
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seemed not primarily altered, but the
rough endoplasmic reticulum was dilated
with the separation of ribosomes. Large
numbers of neutrophils and monocytes
could be observed in the interstitial space.

36 to 48 Hrs. At 36 hrs, pancreatic
edema was still severe, but was decreased
versus 24 hrs. There was also a decrease
in monocytic and neutrophilic adher-
ence, neutrophilic infiltration, and necro-
sis of acinar cells (26%–50%). Lobular
architecture was distorted. Fibroblasts
also appeared in the inflamed intersti-
tium. Regeneration starting with undif-
ferentiated, ductuloacinar structures
with scanty cytoplasm and densely baso-
philic nuclei in the peripheral zone of the
pancreas appeared. At 48 hrs, there was
diffuse severe infiltrates of macrophages/
monocytes, fibroblasts, and neutrophils.

At 72 hrs, there was no pancreatic
edema, but there was a diffuse severe
infiltrate of fibroblasts, macrophages/
monocytes, eosinophils, and neutrophils
(Fig. 3D). There was a mild degree of col-
lagen deposition within the lobules and
around ductuloacinar structures. Ductu-
loacinar structures were budding from tu-
bular lumina. Mitotic figures and a de-
crease in the number of apoptotic bodies
were evident.

At 1 wk, diffuse moderate infiltrates of
fibroblasts and macrophages and rela-
tively smaller number of eosinophils and
neutrophils were observed (Fig. 3E).
There was a mild deposition of collagen
within the lobules and around ductuloa-
cinar structures. Adipose tissue replaced
some of the destructed lobules. Budding
ductuloacinar structures started to form
ductules and acini and a few newly
formed acinar cells displayed zymogen
granules. Dilation of small ducts and
ductules were observed; in some cases,
they contained eosinophilic material.
Low-power electron micrographs re-
vealed several ductuloacinar structures,
an increased number of capillaries,
mononuclear cells, and collagen in the
interstitial space (Fig. 4). Some cells were
enlarged and contained huge number of
small electron-dense granules, indicating
ductoendocrine proliferation.

One month after injection, the pan-
creas appeared normal, except that part
of the parenchyma was replaced by fat
(Fig. 3F). The acini showed numerous
mitotic figures and regenerative atypia.
Fibroblasts and macrophages were no
longer present. One of four animals had
focal periductal infiltrate composed of

Figure 4. Electron micrographs of the rat pancreas 0 hrs (a–b), 6 hrs (c–d), 24 hrs (e–f), and 1 wk
(g–h) after L-ornithine administration (3 g/kg intraperitoneally). A, Cell nucleus (arrowhead) and
nucleolus (asterisk). B, Mitochondrion (arrowhead), rough endoplasmatic reticulum (asterisk), and
zymogen granules (cross) (scale bar � 1 �m). C, Mitochondria seemed unaltered (inset); autophagic
vacuoles (arrows) and lipid droplets (arrowhead) appeared. D, Autophagic vacuole with zymogen
granules (arrow), myelin figures (asterisk), and mitochondrial remnants (arrowhead). E, Lysis of
nuclei (arrows); mitochondria seemed unaltered (inset) and occasional condensation of chromatin
with dense shrinkage of the cytoplasm (arrowhead) were observed (scale bar � 5 �m). F, Dilated rough
endoplasmatic reticulum (asterisk); peripheral crescents (arrow) of compacted chromatin. G, Ductu-
loacinar structures (arrows) between capillaries (asterisk) and fibroblasts (scale bar � 10 �m). H,
Ductuloacinar structure (arrow) differentiated into acinar cell (arrowhead) with few zymogen gran-
ules (scale bar � 5 �m). Scale bars � 2 �m, except indicated otherwise.
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lymphocytes, macrophages, and eosino-
phils.

Overall, there were no major patho-
logic alterations of the pancreatic duct
cells, islets of Langerhans, and the liver
in the hematoxylin and eosin sections.
However, in one animal, striking Langer-
hans islet hyperplasia with mitotic fig-
ures was found at 1 mo. At 9 to 36 hrs,
some eosinophilic cylinders in the tubu-
lar lumina were noted in the kidneys with
attenuation and dilation of the proximal
tubules. Occasional detachment of mi-
crovilli and mild peritubular capillaritis
also were seen. These latter changes are
consistent with mild acute tubular necro-
sis. At the same time, alveolar thickening
with predominant neutrophil infiltration
and occasional hemorrhage were seen in
the lungs indicative of mild respiratory
distress syndrome.

Activities of Serum, Pancreatic,
and Ascitic Amylase

The serum amylase activity signifi-
cantly increased from 9 to 24 hrs, but
thereafter (at 48 hrs) fell below control
values (n � 4–10, Fig. 5A). Pancreatic
amylase activity was significantly de-
creased from 24 hrs to 1 mo after L-
ornithine injection and was just about
detectable at 72 and 168 hrs (n � 4–8,
Fig. 5B). The ascites recovered from rats
24 hrs after L-ornithine administration
had a huge amylase activity (98,096 �
25,590 U/L, n � 7).

Pancreatic Trypsin Activity

Premature activation of trypsinogen is
thought to play an important role in the
development of acute pancreatitis. Pan-
creatic trypsin activity was significantly
increased 9 to 48 hrs after IP injection of
3 g/kg L-ornithine (Fig. 5C).

Pancreatic Myeloperoxidase
Activity

The extent of neutrophil infiltration was
also judged by the measurement of myelo-
peroxidase activity (Fig. 5D). Interestingly,
inflammatory infiltration had two phases;
the first one coincided with the peak of
amylase activity (9–36 hrs) and the second
one occurred much later (at 72 hrs).

Induction of Pancreatic HSP72
Synthesis

HSP72, the highly inducible form of
the HSP70 family, could not be detected
in the physiological saline-treated control

group (Fig. 6A). However, by 4 hrs after
the injection of 3 g/kg L-ornithine, the
levels of HSP72 were significantly in-
creased, peaked at 18 hrs, and remained
elevated until 1 mo.

Degradation of Pancreatic I�B-�
and I�B-� and Induction of
Interleukin-1� Synthesis

Pancreatic I�B levels in response to L-
ornithine injection were significantly de-
creased from 9 hrs (Fig. 6B–C). I�B-� lev-
els (Fig. 6B) returned to normal by 36 hrs;
however, I�B-� level was significantly
lower for up to 168 hrs after injection (Fig.
6C). Corresponding to I�B degradation,
and consequently to activation of NF-�B,
pancreatic interleukin-1� synthesis signifi-
cantly increased from 9 hrs (Fig. 6D).

Confirmation of Pancreatic
Apoptosis Observed on
Histologic Examination

Genomic DNA Analysis. Genomic
DNA was extracted from pancreata 9 or

24 hrs after L-ornithine administration.
Figure 7A shows that 9 hrs after L-
ornithine injection, we could detect a lad-
der pattern on agarose gel electrophore-
sis. On the other hand, DNA showed
unspecific degradation (smear) 24 hrs
after the administration of L-ornithine
indicating severe necrosis. This is in
accordance with our histologic findings
because at this latter time point, apo-
ptosis was overcome by necrosis of the
cells.

TdT-mediated dUTP Nick End-labeling
Technique. According to the histologic ex-
amination, the number of apoptotic cells
was greatly elevated by 6 hrs after L-
ornithine administration. To obtain quan-
titative data, the number of apoptotic
cells was counted at selected time
points 0 to 168 hrs after L-ornithine
administration. As shown in Figure 7B,
the percentage of apoptotic cells was
greatly increased in response to L-
ornithine administration. The peak of
apoptosis was around 6 to 9 hrs after
the injection (n � 4).

Figure 5. Time course of serum amylase and pancreatic amylase, trypsin and myeloperoxidase
activities after intraperitoneal administration of 3 g/kg L-ornithine. A, Serum amylase and pancreatic;
(B) amylase, (C) trypsin, and (D) myeloperoxidase (MPO) activities. The serum amylase activity
significantly increased from 9 to 24 hrs, but thereafter (at 48 hrs) fell below control values. Pancreatic
amylase activity was significantly decreased from 24 hrs to 1 mo after L-ornithine injection and was
just about detectable at 72 and 168 hrs. Trypsin activity was gradually increased from 9 hrs and peaked
at 24 hrs after L-ornithine administration. MPO activity gradually increased during the course of the
disease and was highest in the 72- and 168-hr groups. Data are shown as means � SEM, n � 4–10.
*Significant difference (p � .05) vs. the control group (0 hrs).
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Pancreatic Nonprotein Sulfhydryl
Group Content and the Activities
of Glutathione Peroxidase and
Superoxide Dismutase

Nonprotein sulfhydryl group content
was significantly increased at 6 hrs and
decreased thereafter in the ornithine-
treated group compared with the control
group (Fig. 8A). The activities of glutathi-
one peroxidase (Fig. 8B) and Cu/Zn-SOD
(Fig. 8C) significantly increased from 24
hrs. In contrast, Mn-SOD activity (Fig.
8D) was significantly decreased at 24 hrs
and significantly increased at 48 hrs ver-
sus the control. Taken together these
findings suggest the presence of oxidative
stress in the pancreas of rats in response
to L-ornithine treatment.

Body Weight and Pancreatic
Weight/Body Weight Ratio

The body weight of the rats was signifi-
cantly decreased from 1 day to 1 mo after
the administration of 3 g/kg L-ornithine
versus the physiological saline-treated con-
trol (n � 5–10, Fig. 9A). Pancreatic weight/
body weight ratio was significantly elevated
at 18 to 48 hrs and significantly decreased
at 168 hrs to 1 mo after L-ornithine injec-
tion (Fig. 9B).

Serum Aspartate Aminotransferase
Activity and Concentrations of
Glucose, Calcium, Triglyceride,
Urea, and Creatinine

Serum ASAT activity was significantly
increased by approximately five-fold at 24

hrs and three-fold at 48 hrs after L-
ornithine injection (Fig. 9C). Serum con-
centrations of glucose were significantly
decreased from 24 to 72 hrs and returned
to normal by 1 wk (Fig. 9D). Serum levels
of triglyceride were only significantly ef-
fected at 72 hrs (.40 � .03 mM/L vs. .71 �
.18 mM/L in the control group). Calcium,
urea, and creatinine concentrations were
not significantly different versus the con-
trol (results not shown).

DISCUSSION

The present study characterizes a
novel model of severe acute necrotizing
pancreatitis induced by IP injection of 3
g/kg L-ornithine showing typical labora-
tory and morphologic signs of that ob-

Figure 6. Effects of L-ornithine administration (3 g/kg intraperitoneally) on pancreatic HSP72, I�B-�, I�B-�, and interleukin-1� expression as a function
of time. A–C, Representative Western immunoblot analysis of protein lysates (50 �g/lane) from the pancreata of rats 0 to 168 hrs and 1 mo after injection,
showing the levels of (A) HSP72, (B) I�B-�, and (C) I�B-� as a function of time after 3 g/kg L-ornithine injection. D, The graph shows the expression of
the proinflammatory cytokine, interleukin-1�, as determined from the cytosolic fractions of pancreatic homogenates by enzyme-linked immunosorbent
assay. Means � SEM for four to six animals are shown. *Significant difference (p � .05) vs. the control group (0 hrs).
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served in the human disease. The present
pancreatitis model is noninvasive, more
diffuse, and reproducible compared with
those induced by retrograde ductal injec-
tion of bile acids, the closed duodenal
loop method, or choline-deficient ethi-
onine diet. L-ornithine-induced pancre-
atitis is superior to the L-arginine-
induced model in that it produces a much
severe disease with massive edema and
without the confounding effects of possi-
ble excessive NO synthesis (at least in the
initial phase of pancreatitis induction). IP
administration of 4 to 6 g/kg L-ornithine
killed the rats within hours (before pan-
creatitis could develop). The death of
these animals may be the result of effects
on the central nervous system. Our re-
sults also suggest that L-arginine-induced
pancreatitis is due to metabolism of L-
arginine to L-ornithine by arginase and is
not caused by its metabolism to L-
citrulline (and NO) by NOS. That is, L-
arginine administration results in a
greater increase in blood concentration
of ornithine than citrulline, and admin-
istration of L-ornithine but not L-citrul-
line causes severe pancreatitis.

There has been longstanding debate
on whether NO is involved in the patho-
genesis of acute pancreatitis. Studies
have shown a protective (19–21), no (22),
or detrimental (23–25) effect of NO on
experimental pancreatitis. One very im-

portant finding deduced from the present
study is that NO is unlikely to be a pri-
mary factor in inducing L-ornithine (or
L-arginine) pancreatitis. Serum citrulline
levels were only increased by approxi-
mately three-fold after injection of rats
with 3.5 g/kg L-arginine; L-ornithine lev-
els were up by approximately 54-fold. In
fact, this fits in well with our previous
findings. which have shown that inhibi-
tion of NO formation by N-nitro-L-
arginine methyl ester in L-arginine-
induced pancreatitis only ameliorated
laboratory parameters and did not influ-
ence pancreatic damage on histology
(26). In contrast, others have found that
aminoguanidine, an isoform-specific in-
hibitor of iNOS, ameliorated L-arginine
induced pancreatic injury (24). Anyway,
NO is unlikely to be involved in the early
events (development) of pancreatitis
given the time course of NOS induction.
In the L-arginine-induced pancreatitis
model, pancreatic cNOS activity was
found to be depleted at 6 hrs followed by
a gradually increasing level to a peak as
observed at 24 hrs (26). The activity of
iNOS was not increased until 24 hrs (peak
of injury).

Morphologic examination of the pan-
creas showed the typical signs of severe
acute necrotizing pancreatitis with mas-
sive interstitial edema, apoptosis, and ne-
crosis of acinar cells and infiltration of

neutrophil granulocytes (also confirmed
by myeloperoxidase activity measure-
ments) and monocytes. The necrotic pro-
cess lacked morphologic signs indicative
of lytic and ischemic damage to the cells
and was evidently the result of toxic in-
jury to the acini. The acini eventually
regenerated. Acini that did not regener-
ate were replaced by fat tissue. Electron
microscopy of pancreatitic tissue revealed
large autophagic vacuoles containing zy-
mogen granules, lipid droplets, severe
nuclear damage, and dilated endoplasmic
reticulum in acinar cells. Zymogen gran-
ules completely disappeared by 72 to 168
hrs, which are in accord with our pancre-
atic amylase activity measurements.

Interestingly, apoptosis of pancreatic
acini (confirmed by light microscopic,
electron microscopy, TUNEL, and DNA
ladder analysis) was greatly increased
within a few hours after L-ornithine ad-
ministration. The rate of pancreatic apo-
ptosis strongly increased at 16 to 24 hrs
after the administration of 2.5 g/kg or 4
g/kg L-arginine (10, 27). In fact, Kubish et
al. found that endoplasmic reticulum
stress-regulated mechanisms are likely to
be involved in the apoptosis observed in
this model of the disease (10). Notably, in
our study, apoptosis was already at is
highest level at 6 to 9 hrs. A possible
explanation for this is that in fact L-
ornithine is mediating the apoptotic pro-

Figure 7. Pancreatic apoptosis is greatly increased in rats treated with 3 g/kg L-ornithine intraperitoneally. A, Genomic DNA analysis of L-ornithine (3 g/kg)
injected rats in agarose gel electrophoresis. Genomic DNA was isolated from the pancreata of rats 0, 9, and 24 hrs after L-ornithine injection. Fifteen to
20 �g of DNA was electrophoretically fractionated on a 1.8% agarose gel with .5 �g/mL ethidium bromide. Data presented are representative of three
independent experiments. MW, molecular weight marker; bp, base pairs. B, The percentage of apoptotic cells in the pancreas was quantitated by using the
TdT-mediated dUTP Nick end-labeling assay. Data are shown as means � SEM, n � 4. *Significant difference (p � .05) vs. the control group (0 hrs).
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cess (that is, L-arginine has been metab-
olized).

Several molecular features that have
been observed in other models of pancre-
atitis were observed with administration
of L-ornithine. These included intrapan-
creatic activation of the digestive enzyme
trypsinogen (28), degradation of I�B pro-
teins associated with activation of the
transcription factor, NF-�B (29), in-
creased interleukin-1� production, in-
creased HSP72 content (30), and signs of
oxidative stress (31). The time course
changes of these laboratory parameters
were similar to that observed in the L-
arginine-induced pancreatitis model and
were delayed compared with the cerulein-
induced pancreatitis model (8). These
point to possible differences in patho-
physiology.

The mechanism underlying L-orni-
thine-induced pancreatitis is not clear. It
is known that L-ornithine can serve as
substrate for ornithine decarboxylase, the
initial and rate-limiting enzyme in the
polyamine biosynthetic pathway. Poly-
amines are essential for normal cell
growth and development. A large dose of
L-ornithine/L-arginine will inevitably in-
fluence their levels. Both increased and
decreased levels of polyamines have been
implicated in mediating apoptosis (32).
Although one would probably expect to
find an increase in polyamine levels, large
doses of L-arginine have been shown to
paradoxically reduce spermine and sper-
midine and increase putrescine levels by
elevating polyamine catabolism (11).
Spermine and spermidine depletion are
also associated with human acute necro-
tizing pancreatitis (11). A decrease in
pancreatic polyamine levels is likely to
result in an inhibition of DNA and protein
synthesis, which will result in the death
of acini.

In conclusion, we have developed a
simple, noninvasive, reproducible model
of acute necrotizing pancreatitis by intra-
peritoneal injection of 3 g/kg L-ornithine
and examined its time course in rats.
Large doses of L-arginine (known to in-
duce acute pancreatitis) may also pro-
duce a toxic effect on the pancreas, at
least in part, through L-ornithine. Fur-
ther studies are needed to investigate the
mechanism of L-ornithine-induced pan-
creatitis.
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Inhibition of Arginase Activity Ameliorates
L-ArginineYInduced Acute Pancreatitis in Rats
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Zsuzsanna Hracskó, MSc,þ Ilona S. Varga, PhD,þ Béla Iványi, MD, PhD, DSc,Þ Viktória Venglovecz, PhD,§

Tibor Wittmann, MD, PhD,* Tamás Takács, MD, PhD, DSc,* and Zoltán Rakonczay Jr, MD, PhD*

Objectives: Intraperitoneal (IP) injection of 3.5 g/kg L-arginine (known
to induce acute pancreatitis) in rats will result in much greater increases
in serum ornithine versus citrulline concentration (Crit Care Med. 2008;
36:2117Y2127). These data indicate a major role of arginase in the cata-
bolism of L-arginine. Therefore, we tested the effects of the irreversible
arginase inhibitor (+)-S-2-amino-6-iodoacetamidohexanoic acid (AIHA)
on L-arginineYinduced acute pancreatitis.
Methods: The inhibitory effect of AIHA on arginase activity was
tested on rat liver homogenate and purified bovine arginase. Male Wistar
rats were administered 15 mg/kg AIHA or its vehicle IP 1 hour before
the injection of physiological saline or 3.5 g/kg L-arginine IP. Lab-
oratory and histological parameters of pancreatitis were determined
24 hours after the last injection.
Results: Sixty micromolars of AIHA (equimolar to an in vivo dose
of 15 mg/kg) significantly inhibited arginase activity by about 25%.
Pretreatment with AIHA significantly ameliorated pancreatic damage
caused by L-arginine administration. It decreased pancreatic weight/body
weight ratio, pancreatic glutathione peroxidase and myeloperoxidase
activities, and histological damage. Administration of AIHA in itself
significantly increased levels of pancreatic heat shock proteins.
Conclusions: Pretreatment with AIHA reduces the severity of L-
arginineYinduced pancreatitis most likely by inhibiting arginase activity.

Key Words: arginase, L-arginine,
(+)-S-2-amino-6-iodoacetamidohexanoic acid, acute pancreatitis

(Pancreas 2010;00: 00Y00)

L arge doses (2.5Y5 g/kg) of intraperitoneally (IP) injected
L-arginine are known to induce acute necrotizing pancrea-

titis in rats and mice.1Y4 The pathomechanism of L-arginine
pancreatitis is unknown, especially concerning the early events
leading to the disease.

Two key enzymes that are involved in the metabolism
of L-arginine are nitric oxide synthase (NOS) and arginase
(F1 Fig. 1).5 Nitric oxide synthase has 3 isoforms: the constitutive
endothelial (eNOS) and neuronal (nNOS) and an inducible form

(iNOS). They catalyze the conversion of L-arginine to nitric oxide
and L-citrulline. Arginase, which has 2 isoforms (types I and II),
hydrolyzes L-arginine to L-ornithine and urea. These 2 arginase
isoforms are encoded by 2 different genes and differ in molecular
properties, tissue distribution, subcellular location, and regulation
of expression. Arginase I is localized in the cytosol and is highly
expressed in the liver and to a much less extent in a few other
tissues. Arginase II is a mitochondrial enzyme, which is widely
distributed in extrahepatic tissues.

In arginine-induced pancreatitis, pancreatic constitutive NOS
activity was depleted at 6 hours then gradually increased to sig-
nificantly higher level than the control at 24 hours.6 The activity
of pancreatic iNOS was significantly increased at 24 hours after
L-arginine injection.

Most of the IP injected L-arginine is converted to L-
ornithine rather than L-citrulline,7,8 therefore indicating a major
role of arginase in the catabolism of this basic amino acid.
Furthermore, we have recently shown that administration of L-
ornithine induces a more severe pancreatitis compared with L-
arginine.7 Therefore, we speculated that L-arginine produces a
toxic effect on the pancreas, at least in part, via L-ornithine. The
aim of this study was to test the effects of the irreversible ar-
ginase inhibitor (+)-S-2-amino-6-iodoacetamidohexanoic acid
(AIHA) on L-arginineYinduced acute pancreatitis.

MATERIALS AND METHODS

Materials
(+)-S-2-amino-6-iodoacetamidohexanoic acid was pur-

chased from Alexis Biochemicals AQ1. All other chemicals were
obtained from Sigma-Aldrich, unless indicated otherwise.

Animals
Male Wistar rats weighing 220 to 250 g were used. The

animals were kept at a constant room temperature of 23-C with
a 12-hour light-dark cycle and were allowed free access to
water and standard laboratory chow (Biofarm, Zagyvaszántó,
Hungary). In each experimental group, 5 to 8 rats were used. The
experiments performed in this study were approved by the
Animal Care Committee of the University.

Experimental Protocol
Rats were pretreated with 15 mg/kg AIHA (dissolved in

6 M HCl and pH set to 7.4 with NaOH in phosphate-buffered
saline) or its vehicle IP 1 hour before injection with physio-
logical saline or 3.5 g/kg L-arginineYHCl (350 mg/mL, pH: 7.4)
IP. Rats were killed by exsanguination through the abdomi-
nal aorta after anesthetization with 44 mg/kg pentobarbital IP
24 hours after the L-arginine or physiological saline injection.
The pancreas was quickly removed, cleaned from fat and lymph
nodes, weighed, and frozen in liquid nitrogen and stored at
j80-C until use. Furthermore, liver, kidney, and lung tissue
were frozen from control animals for determination of arginase
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activity. All blood samples were centrifuged at 2500 g for
20 minutes, and the serum was stored at j25-C.

Pancreatic Weight/Body Weight Ratio
The pancreatic weight/body weight (PW/BW) ratio was

used to evaluate the degree of pancreatic edema.

Serum and Pancreatic Amylase Activity
The serum and pancreatic activities of amylase were de-

termined by a colorimetric kinetic method (Dialab, Vienna,
Austria).

Pancreatic Trypsin Activity
Pancreas samples were pulverized under liquid N2 using

a mortar and pestle. Pulverized tissue was suspended in ice-
cold MOPS (3-[N-morpholino]propanesulfonic acid) buffer
(5 mM MOPS, pH 6.5, 250 mM sucrose, 1 mM MgSO4). The
resulting homogenate was centrifuged (50 g for 5 minutes), and
the supernatant was used for the enzyme assay. Trypsin activity
was measured in Tris buffer (50 mM Tris, pH 8.0, 150 mM
NaCl, 1 mM CaCl2) by using the colorimetric substrate N-
CBZ-Gly-Pro-Arg-p-nitroanilide (0.1 mM final concentration;
Bachem GmbH, Weil am Rhein, Germany). Three-minute time
courses of p-nitroaniline release were followed at 405 nm at
room temperature with a Hitachi U-2900 spectrophotometerAQ2 .
Trypsin activity in the homogenate was estimated using a stan-
dard curve for purified bovine trypsin.

Arginase Activity
Parts of the liver, pancreas, kidney, and lung were homo-

genized in 9-fold excess (wt/vol) of ice-cold buffer containing
50 mM Tris-HCl (pH 7.5) supplemented with 1 mM phenyl
methyl sulfonyl fluoride, 4 mM benzamidine, and 100 U/mL
aprotinin using an Ultra-Turrax homogenizer AQ3for 2 � 30 seconds.
The homogenates were then centrifuged at 25,000 g for 30 min-
utes (at 4-C), and the heat-activated (60-C, 20 minutes) superna-
tants (their protein concentrations were measured by the method
of Bradford14) were used for determination of arginase activity.
Arginase activity was measured by exogenously added L-arginine
using a colorimetric method, based on the determination of re-
leased urea.9 Briefly, 20 mM L-arginineYHCl substrate (pH set
to 9.7), 0.2 mM MnCl2, and the sample were mixed in 250 KL
and incubated at 37-C for 5 to 15 minutes. The reaction was
stopped by adding 250 KL 1 N HClO4 and centrifuged, and
140 KL supernatant was used for urea determination by adding
1.36 mL diacetylmonoximethiosemicarbazide reagent after cen-
trifugation; an aliquot was tested for released urea according
to Coulombe and Favreau.10 After heating at 100-C (20 minutes)
and cooling, optical densities were read at 535 nm using urea
standards.

The inhibitory effect of 0 to 120 KM AIHA on arginase
activity was tested on rat liver homogenate and purified bovine
liver arginase (Serva AQ4). Considering that the total water content
of the rat is about 80%, 60 KM AIHA is equimolar to an in vivo
dose of 15 mg/kg.

Pancreatic Myeloperoxidase Activity
Pancreatic myeloperoxidase (MPO) activity, as a marker

of tissue leukocyte infiltration, was assessed using the method
of Kuebler et al.11

Pancreatic Nonprotein Sulfhydryl Group Content
and the Activities of Glutathione Peroxidase
and Superoxide Dismutase

To determine nonprotein sulfhydryl group (NSG) content and
activities of glutathione peroxidase (GSH-Px), MnY and Cu/ZnY
superoxide dismutase (SOD), a part of the pancreas was homo-
genized, the homogenates centrifuged at 3000 g for 10 minutes,
and the supernatants were used for measurements as described
previously.12

Expression of Pancreatic Heat Shock Proteins
27 and 72

Heat shock proteins (HSPs) are stress-inducible chaperones.
Western blot analysis of pancreatic HSP27 and HSP72 expression
was performed from the cytosolic fraction of the pancreas homo-
genate. Pancreatic cytosolic fractions were prepared as described
previously.13 The protein concentration of the homogenate was
determined by the method of Bradford.14 Forty micrograms of
protein was loaded per lane. Samples were electrophoresed on a
10% sodium dodecyl sulfateYpolyacrylamide gel according to
the method of Laemmli.15 The proteins on the gels were either
stained with Coomassie brilliant blue (to demonstrate equal
loading of proteins for Western blot analysis) or transferred to a
nitrocellulose membrane for 1 hour at 100 V. Equal transfer of
proteins was verified by ponceau S staining. Membranes were
blocked in 5% nonfat dry milk (Bio-Rad AQ5) for 1 hour and incu-
bated with rabbit anti-HSP72 (1:10,000 dilution, characterized
previously by Kurucz et al,16) or goat anti-HSP27 (1:500 dilution;
Santa Cruz Biotechnology, Santa Cruz, Calif ) antibody for an
additional 1 or 3 hours (respectively) at room temperature. The

FIGURE 1. Key enzymes involved in the metabolism of L-arginine.
Nitric oxide synthase catalyzes the conversion of L-arginine to
nitric oxide and L-citrulline. Arginase hydrolyzes L-arginine to
L-ornithine and urea.
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immunoreactive protein was visualized by enhanced chemilumi-
nescence using horseradish peroxidaseYcoupled antiYrabbit or
antiYgoat immunoglobulin (Dako, Glostrup, Denmark) at
1:10,000 dilution.

Histological Examination
A portion of the pancreas was fixed in 6% neutral for-

maldehyde solution and subsequently embedded in paraffin.
Sections were cut at 4-Km thickness and stained with hematoxy-
lin and eosin. The slides were coded and read by 2 independent
observers whowere blind to the experimental protocol. Pancreatic
tissue injury was evaluated as described previously.7 Briefly,
semiquantitative grading of interstitial edema (0Y3), vascular con-
gestion (0Y1), leukocyte adhesion (0Y3) and infiltration (0Y4),
and apoptosis (0Y3) and necrosis (0Y4) of acinar cells was deter-
mined in each animal.

Statistical Analysis
Results are expressed as means T SEM. Experiments were

evaluated by using the analysis of variance followed by Dunnett

multiple-comparisons post hoc test. Values of P G 0.05 were
considered as significant.

RESULTS

Arginase Activity in the Liver, Pancreas, Lung,
and Kidney

Arginase activity was by far the highest in the liver ( F2Fig. 2).
Nevertheless, we could also detect arginase activity in the pan-
creas, lung, and kidney.

Effect of AIHA on Arginase Activity
(+)-S-2-amino-6-iodoacetamidohexanoic acid dose-

dependently inhibited liver arginase activity of rat liver ho-
mogenate and purified bovine arginase in vitro ( F3Fig. 3). Sixty
micromolars of AIHA (equimolar to an in vivo dose of 15 mg/kg)
significantly inhibited liver arginase activity by about 25%.

PW/BW Ratio, Serum and Pancreatic Amylase
Activity, and Pancreatic Trypsin Activity

Pancreatic weight/body weight ratio was significantly in-
creased in response to administration of L-arginine ( F4Fig. 4A).
Pretreatment with AIHA significantly ameliorated this increase
of PW/BW ratio. Serum amylase activity was not significantly
altered in any of the groups (Fig. 4B). Pancreatic contents of
amylase were significantly decreased in the L-arginineYtreated
groups (Fig. 4C). Pretreatment with AIHA did not influence pan-
creatic amylase activity in rats injected with L-arginine. Pan-
creatic trypsin activity was significantly increased by L-arginine
administration (Fig. 4D). Pretreatment with AIHA significantly
ameliorated this increased pancreatic trypsin activity.

Pancreatic MPO Activity
Pancreatic MPO activity was significantly increased at

24 hours after L-arginine injection (Fig. 4E). Pretreatment with
AIHA significantly decreased MPO activity in the L-arginineY
induced pancreatitis group.

Pancreatic Nonprotein Sulfhydryl Group Content
and the Activities of GSH-Px and SOD

Pancreatic NSG content and GSH-Px activity were signifi-
cantly increased 24 hours after the injection with L-arginine
( F5Figs. 5A, B). Pretreatment with AIHA did not influence NSG

FIGURE 3. (+)-S-2-amino-6-iodoacetamidohexanoic acid inhibits arginase activity of rat liver homogenate and purified bovine liver
arginase. The effect of 0 to 120 KM AIHA was tested on (A) rat liver homogenate or (B) purified bovine liver arginase. Sixty micromolars
of AIHA (equimolar to an in vivo dose of 15 mg/kg) significantly inhibited arginase activity by about 25%.

FIGURE 2. Arginase activity in the liver, pancreas, lung, and
kidney of rats. Tissues were removed from control animals and
then homogenized. Arginase activity was measured by
exogenously added L-arginine using a colorimetric method, based
on the determination of released urea.9
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FIGURE 4. Effects of AIHA pretreatment on laboratory parameters of acute pancreatitis. A, PW/BW ratio and activities of (B) serum
and (C) pancreatic amylase and pancreatic (D) trypsin and (E) MPO. Rats were pretreated with 15 mg/kg AIHA (AIHA, +) or its vehicle
(AIHA,j) IP 1 hour before injection with physiological saline (Arg,j) or 3.5 g/kg L-arginineYHCl (Arg, +) IP. Rats were killed 24 hours after
the L-arginine or physiological saline injection. Means T SEM for 5 to 8 animals are shown. *Significant difference (P G 0.05) versus the
control group.
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content, but significantly reduced GSH-Px activity. Activities
of Cu/Zn and Mn SOD were unaltered by AIHA pretreatment
in the L-arginineYpancreatitis group (Figs. 5C, D).

Pancreatic HSP Expression
(+)-S-2-amino-6-iodoacetamidohexanoic acid and/or L-

arginine administration resulted in up-regulation of pancreatic
HSP27 and HSP72 synthesis versus the physiological salineY
treated control group (F6 Fig. 6). No significant difference was
found at 24 hours between the AIHA-treated and untreated
L-arginineYinduced pancreatitis groups.

Histological Examination
The administration of 3.5 g/kg L-arginine caused severe

necrotizing pancreatitis (F7 Fig. 7;T1 Table 1). Injection of AIHA in
itself resulted in pancreatic hyperemia and mild inflammatory
cell infiltration. However, AIHA pretreatment significantly
reduced pancreatic damage in L-arginineYinduced pancreatitis.

DISCUSSION
We have previously demonstrated that IP injection of

3.5 g/kg L-arginine results in much greater increases in serum

ornithine versus citrulline concentration.7 This finding suggested
a major role for arginase (rather than NOS) in the catabolism of
L-arginine. In the present study, we have shown that pretreatment

FIGURE 5. Effects of AIHA pretreatment on pancreatic markers of oxidative stress in L-arginineYinduced acute pancreatitis. Changes
in pancreatic (A) NSG content, (B) GSH-Px, and (C) Cu/Zn-SOD and (D) Mn-SOD activities are depicted. Rats were treated as indicated
in the legend of Figure 3. Means T SEM for 5 to 8 animals are shown. *Significant difference (P G 0.05) versus the control group.

FIGURE 6. Effects of AIHA pretreatment on pancreatic HSP
synthesis in L-arginineYinduced pancreatitis. Representative
Western immunoblot analysis of protein lysates (40 Kg/lane)
from the pancreata of rats, showing the expression of HSP27 and
HSP72. Rats were treated as indicated in the legend of Figure 3.
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with the irreversible arginase inhibitor AIHA significantly re-
duced pancreatic damage caused by the administration of 3.5 g/kg
L-arginine.

Arginase is a key enzyme of the hepatic urea cycle, so it
was not surprising that the highest enzyme activity was found in
the liver of rats. In accordance with values reported elsewhere,17

arginase activity was several-order magnitudes higher in the
liver compared with other tissues (pancreas, lung, and kidney).
Therefore, most likely, large doses of L-arginine are metabolized
mainly by the liver. In fact, serum L-arginine concentration was
significantly reduced below the control value 24 hours after
injection.8

Two studies have investigated the changes in serum argi-
nase activity in patients with acute pancreatitis. Serum arginase
activity was unaltered in the early phases of acute pancreatitis.18

On the contrary, Scibior et al19 have found that serum arginase
activity was significantly reduced by treatment of the disease.

(+)-S-2-amino-6-iodoacetamidohexanoic acid is an irre-
versible inhibitor of the ornithine decarboxylase and arginase
and has been reported to have antifertility and antitumor ef-
fects.20,21 The dosing of AIHAwas based on literature data.20,21

Sixty micromolars of AIHA (which corresponds to an in vivo
dose of 15 mg/kg) inhibited arginase activity by about 25%.
Although this rate of arginase inhibition is not great, even

F
ig

7
4/

C

FIGURE 7. Effects of AIHA pretreatment on the pancreatic morphological damage in L-arginineYinduced pancreatitis. The histological
pictures show hematoxylin-and-eosin staining images of the pancreas from control, AIHA (15 mg/kg IP), L-arginine (3.5 g/kg IP), or
AIHA + L-arginineYtreated rats. Original magnification �200. The point values for each of the scored parameters are shown in Table 1.

TABLE 1. Effects of AIHA Pretreatment on the Histological Parameters in Arginine-Induced Acute Pancreatitis

Control AIHA L-Arginine AIHA + L-Arginine

Vascular congestion 0.0 T 0.0 0.0 T 0.0 1.0 T 0.0* 1.0 T 0.0*
Leukocyte adherence 0.0 T 0.0 0.0 T 0.0 2.5 T 0.3* 1.5 T 0.3*†

Interstitial edema 0.0 T 0.0 0.0 T 0.0 2.3 T 0.5* 1.7 T 0.4*
Leukocyte infiltration 0.0 T 0.0 0.3 T 0.2 2.7 T 0.2* 1.7 T 0.2*†

Vacuolization 0.0 T 0.0 0.0 T 0.0 1.5 T 0.3* 0.5 T 0.4†

Necrosis 0.0 T 0.0 0.3 T 0.2 3.5 T 0.4* 1.5 T 0.4*†

Apoptosis 0.0 T 0.0 0.0 T 0.0 1.0 T 0.0* 1.0 T 0.0*
Regeneration 0.0 T 0.0 0.0 T 0.0 0.5 T 0.3 0.2 T 0.2
Total 0.0 T 0.0 0.5 T 0.4 15.0 T 1.5* 9.0 T 1.3*†

Rats were treated as indicated in the legend of Figure 3. Data are means T SEM for 5 to 8 animals.

*Significant difference (P G 0.05) versus the control group.
†Significant difference (P G 0.05) versus the L-arginineYtreated group.

Biczó et al Pancreas & Volume 00, Number 00, Month 2010

6 www.pancreasjournal.com * 2010 Lippincott Williams & Wilkins



Copyright @ 2010 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

applying 120 KM AIHA in vitro did not result in significantly
lower levels of arginase activity versus 60 KM (Fig. 3). Fur-
thermore, because arginase is a critical enzyme of the urea
cycle, most likely we have a limit to what we could decrease
enzyme activity without seeing any detrimental effects. Be-
cause AIHA also inhibits ornithine decarboxylase and ornithine
per se can induce acute pancreatitis, the action of AIHA in
modifying the acute pancreatitis response to arginine might be
due to the inhibition of the latter step, which is the formation
of precursor for polyamine synthesis.

Interestingly, administration of AIHA in itself caused a
stress response in the pancreas characterized by increased ex-
pression of HSP27 and HSP72. This may be due to the fact
that inhibition of arginase activity will interfere with the urea
cycle and increase levels of toxic ammonia. Preinduction of
HSPs has been shown to protect against L-arginineYinduced
acute pancreatitis,22 although in our studies we found only re-
ductions in proinflammatory cytokine synthesis.23 Nevertheless,
given these contrasting results, we cannot exclude the benefi-
cial effect of these chaperones on disease progression, providing
their levels are increased before the initiation of arginine
pancreatitis.24

The administration of AIHA 1 hour before L-arginine in-
jection ameliorated the degree of pancreatic edema, but it did
not influence serum amylase activity in L-arginineYinduced pan-
creatitis. Serum amylase activity is not a good marker of dis-
ease severity in this pancreatitis model; it is usually only mildly
increased in the early phases of the disease. However, AIHA
pretreatment also significantly reduced parameters of pancreatic
oxidative stress, trypsin and MPO activity, and histological
damage.

Taken together, our results suggest that AIHA pretreat-
ment reduces the severity of L-arginineYinduced acute pancre-
atitis most likely by inhibiting arginase activity. Conversion of
L-arginine to L-ornithine by arginase seems to be detrimental
in L-arginineYinduced acute pancreatitis. Further studies are
needed to determine how these basic amino acids produce pan-
creatic injury.
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Characterization of Polyamine Homeostasis in
L-OrnithineYInduced Acute Pancreatitis in Rats

György Biczó, MSc,* Péter Hegyi, MD, PhD,*AQ1 Riitta Sinervirta,Þ Sándor Berczi, MD,þ
Sándor Dósa, MD,þ Andrea Siska, PhD,§ Béla Iványi, MD, PhD, DSc,þ Viktória Venglovecz, PhD,||

Tamás Takács, MD, PhD, DSc,* Leena Alhonen, PhD,Þ and Zoltán Rakonczay Jr, MD, PhD*

Objectives: L-Ornithine is a precursor of polyamine synthesis that is
essential for cell survival. In contrast, intraperitoneal (IP) administra-
tion of a large dose of L-ornithine results in death of pancreatic acinar
cells in rats. We investigated changes in pancreatic and extrapancreatic
polyamine homeostasis after injection of L-ornithine and tested the
effects of the stable polyamine analogue methylspermidine (MeSpd) on
L-ornithineYinduced pancreatitis.
Methods: Male Wistar rats were injected IP with 3 g/kg L-ornithine
and were untreated, pretreated, or treated with 50 mg/kg MeSpd IP.
Rats were killed after 0 to 168 hours for determinations of polyamines
and activities of ornithine decarboxylase and spermidine/spermine N1-
acetyltransferase (SSAT). Pancreatitis severity was assessed by mea-
suring standard laboratory and histological parameters.
Results: Injection of L-ornithine paradoxically induced pancreatic
spermidine catabolism, possibly via activation of SSAT, after (96 hours)
appearance of the first histological signs of acute pancreatitis. Polyamine
levels generally increased in the lung and liver with the exception of
lung spermidine levels, which decreased. Methylspermidine did not
influence polyamine levels and SSAT activity and did not ameliorate the
severity of L-ornithineYinduced pancreatitis.
Conclusions: L-OrnithineYinduced pancreatitis was associated with
activation of pancreatic polyamine catabolism. However, administration of
a metabolically stable polyamine analogue did not affect disease severity.

Key Words: polyamines, pancreatitis, L-ornithine

Abbreviations: ASAT < aspartate aminotransferase, HSP72 < heat
shock protein 72, IL-1A < interleukin 1A, IP < intraperitoneal(ly),
MPO < myeloperoxidase, SSAT < spermidine/spermine
N1<acetyltransferase, ODC < ornithine decarboxylase,
MeSpd < 1-methylspermidine, PS < physiological saline

(Pancreas 2010;00: 00Y00)

P olyamines (putrescine, spermidine, and spermine) are
essential for normal function and survival of cells.1 They

are positively charged molecules and have been shown to
interact with DNA, RNA, proteins, and acidic phospholipids in

membranes. Polyamines have been implicated in the regulation
of several membrane-bound enzymes, such as adenylate cyclase,
and ion channels. Furthermore, they may also have antioxidant
properties. Physiologically, polyamines are synthesized from L-
arginine (via L-ornithine) and L-methionine (via S-adenosyl-
methionine [SAM]). Polyamine metabolism is highly regulated
by 3 key enzymes ( F1Fig. 1).2 Ornithine decarboxylase (ODC) and
SAM decarboxylase mediate polyamine biosynthesis, whereas
polyamine catabolism is controlled by the rate-limiting spermi-
dine/spermine N1-acetyltransferase (SSAT).

The pancreas contains the highest concentration of spermi-
dine in the mammalian body, but the exact mechanism how
spermidine contributes to the maintenance of pancreatic in-
tegrity is unclear.3Y4 In addition, the importance of polyamines
in the pancreas is highlighted by the fact that activation of
polyamine catabolism through an overexpression of SSAT in a
transgenic rat line resulted in severe acute pancreatitis.5 It has
been shown that pancreatic SSAT activation and subsequent
polyamine catabolism are characteristic features of experimen-
tal acute pancreatitis models and also of human pancreatic tis-
sue samples from patients with acute pancreatitis.6Y8

We have recently described that intraperitoneal (IP)
injection of large doses of L-ornithine results in severe acute
necrotizing pancreatitis in rats.9 As L-ornithine is a precursor of
polyamines, the question arises how the biosynthesis and ca-
tabolism of polyamines change in L-ornithineYinduced acute
pancreatitis. Furthermore, as we observed pancreatic spermi-
dine catabolism in rats with L-ornithineYinduced pancreatitis,
we also tested the effects of the metabolically stable polyamine
analogue 1-methylspermidine (MeSpd) administration on the dis-
ease as a treatment to compensate for the loss natural spermidine.

MATERIALS AND METHODS

Materials
MeSpd was synthesized from 3-aminobutanol as described

earlier.10 The polyamine analogue was dissolved in physiological
saline (PS; 25 mg/mL, pH 7.4). All other chemicals were from
Sigma-Aldrich (Munich, Germany) unless stated otherwise.

Experimental Protocols

Animals
Male Wistar rats weighing 180 to 220 g were used. The

animals were kept at a constant room temperature of 23-C with
a 12-hour light-dark cycle and were allowed free access to
water and standard laboratory chow (Biofarm, Zagyvaszántó,
Hungary). In each experimental group, 5 to 8 rats were used.
The experiments performed in this study were approved by
the Animal Care Committee of the University of Szeged.

Characterization of Polyamine Homeostasis in
L-OrnithineYInduced Acute Pancreatitis

Pancreatitis was induced by IP injection with 3 g/kg L-
ornithine. Polyamine homeostasis was studied at 6, 24, 72, and
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168 hours after the initiation of pancreatitis (n = 5Y6). The con-
trol animals received PS IP and were killed 24 hours after the
injection (n = 5).

Effects of MeSpd on L-OrnithineYInduced
Acute Pancreatitis

Rats were divided randomly into 6 groups. In the O24
group (n = 8), rats were injected with 3 g/kg L-ornithine IP and
received PS IP 4 hours before (n = 4) or 4 hours after (n = 4)
the L-ornithine treatment. In the OM24 group (n = 6), rats
were pretreated with 50 mg/kg MeSpd IP 4 hours before in-
jection with 3 g/kg L-ornithine IP. In the OM24 (n = 6) group,
rats received 50 mg/kg MeSpd IP 4 hours after the L-ornithine
(3 g/kg) injection. In the O48 (n = 5) group, rats were injected
with 3 g/kg L-ornithine IP and received PS IP 4 and 24 hours
thereafter. In the OM48 group (n = 5), rats were treated with
50 mg/kg MeSpd IP 4 and 24 hours after the L-ornithine (3 g/kg)
treatment. In the control group (n = 5), rats received PS IP
instead of L-ornithine and MeSpd. The B24[ and B48[ labels in
the group names indicate the time points in hours at which rats
were killed after the injection of L-ornithine.

In both protocols, rats were killed by exsanguination through
the abdominal aorta after anaesthetization with 44 mg/kg pen-
tobarbital IP. Tissue samples from pancreas (cleaned from fat
and lymph nodes), liver, and lung were frozen in liquid nitrogen
and stored at j80-C until use. All blood samples were cen-
trifuged at 2500g for 20 minutes, and the serum was stored
at j25-C.

Assays

Polyamine Levels and Activities of SSAT and ODC
The levels of the natural polyamines (spermidine, spermine,

and putrescine) and the polyamine analogue MeSpd were deter-
mined by high-performance liquid chromatography according to
the method of Hyvönen et al.11 Pancreatic ODC and SSAT activ-
ities were assayed according to Jänne and Williams-Ashman12

and Bernacki et al,13 respectively.

Pancreatic WeightYBody Weight Ratio
The pancreatic weightYbody weight (PW/BW) ratio was

used to evaluate the degree of pancreatic edema.

Activities of Serum and Pancreatic Amylase, Serum
Lipase, Aspartate Aminotransferase, and Serum
Concentrations of Creatinine

Laboratory parameters were determined as described pre-
viously.9 Serum and pancreatic amylase activities were deter-
mined by an enzymatic colorimetric assay standardized by the
International Federation of Clinical Chemistry (Diagnosticum
Ltd, Budapest, Hungary). Serum lipase activity was determined
by an enzymatic colorimetric method and serum concentration of
creatinine by the kinetic colorimetric compensated Jaffé method
of Roche Diagnostics GmbH (Mannheim, Germany). Aspartate
aminotransferase (ASAT) was measured by an IFCC UV kinetic
method (Human GmbH, Wiesbaden, Germany).

Pancreatic Myeloperoxidase Activity
Pancreatic myeloperoxidase (MPO) activity, as a marker of

tissue leukocyte infiltration, was assessed using the method of
Kuebler et al.14

Expression of Pancreatic HSP72 and IJB->
Western blot analysis of pancreatic heat shock protein 72

(HSP72) and IJB-> expression was performed from the cy-
tosolic fraction of the pancreas homogenate. Pancreatic cyto-
solic fractions were prepared as described previously.15 The
protein concentration of the homogenate was determined by the
method of Bradford.16 Forty micrograms of protein was loaded
per lane. Samples were electrophoresed on an 10% sodium
dodecyl sulfateYpolyacrylamide gel according to the method of
Laemmli.17 The proteins on the gels were either stained with
Coomassie brilliant blue (to demonstrate equal loading of pro-
teins for Western blot analysis) or transferred to a nitrocellu-
lose membrane for 1 hour at 100 V. Equal transfer of proteins
was verified by ponceau S staining. Membranes were blocked
in 5% nonfat dry milk (Bio-Rad, Hercules, Calif ) for 1 hour
and incubated with rabbit anti-HSP72 (1:10,000 dilution, char-
acterized previously by Kurucz et al18) or rabbit antiYIJB-
> (1:200 dilution; Santa Cruz Biotechnology, Santa Cruz, Calif )
antibody for an additional 1 or 4 hours (respectively) at room
temperature. The immunoreactive protein was visualized
by enhanced chemiluminescence, using horseradish peroxidaseY
coupled antiYrabbit immunoglobulin (Dako, Glostrup, Denmark)
at 1:10,000 dilution.

Pancreatic Interleukin 1A Concentration
The proinflammatory interleukin 1A (IL-1A) concentra-

tions were measured in the pancreatic cytosolic fractions with
an enzyme-linked immunosorbent assay kit (R&D Systems,
Minneapolis, Minn) according to the manufacturer’s instructions.

Histological Examination
A portion of the pancreas was fixed in 6% neutral form-

aldehyde solution and subsequently embedded in paraffin. Sec-
tions were cut at 4-Km thickness and stained with hematoxylin
and eosin. The slides were coded and read by 2 independent
observers who were blind to the experimental protocol. Pancre-
atic tissue injury was evaluated as described previously.9 Briefly,
semiquantitative grading of interstitial edema (0Y3), vascular
congestion (0Y1), leukocyte adhesion (0Y3), and infiltration (0Y4),
apoptosis (0Y3), necrosis (0Y4), and regeneration (0Y2) of acinar
cells was determined in each animal.

Statistical Analysis
Results are expressed as means T SEM. Experiments were

evaluated by using the analysis of variance followed by Dunnett

FIGURE 1. Rate-limiting enzymes of polyamine metabolism.
Ornithine decarboxylase and SAM decarboxylase mediate
polyamine biosynthesis, whereas polyamine catabolism is
controlled by SSAT. DcSAM indicates decarboxylated SAM;
PAO, polyamine oxidase.
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multiple-comparisons post hoc test. Values of P G 0.05 were
considered significant.

RESULTS

Polyamine Homeostasis in L-OrnithineYInduced
Acute Pancreatitis

Pancreas
Pancreatic spermidine content significantly decreased 24

to 168 hours after the injection of 3 g/kg L-ornithine, whereas
spermine content significantly increased (by 1.6-fold) only at
72 hours (F2 Figs. 2A, B). Considering the different pool sizes of
spermidine and spermine, the net effect was a significant
depletion of the total polyamine pool beginning from 24 hours
after injection of L-ornithine. Pancreatic ODC activity signifi-

cantly increased at 24 hours (Fig. 2C); SSAT activity sig-
nificantly increased from 24 hours and peaked at 72 hours
with an almost 10-fold maximum elevation and remained sig-
nificantly higher than the activity in the control group until
168 hours (Fig. 2D). Surprisingly, putrescine was not detectable
in the pancreas, although putrescine accumulation should be
an evident consequence of simultaneously increased activities of
SSAT and ODC (if synthesis would not override catabolism).

Liver
Hepatic putrescine level showed a 26-fold elevation at

6 hours after L-ornithine injection, but thereafter fell back
to control values ( F3Fig. 3A). Hepatic spermidine level signif-
icantly increased from 6 to 72 hours (Fig. 3B), and spermine
content also showed significant elevation from 24 to 72 hours
(Fig. 3C).

FIGURE 2. Time-course changes in pancreatic polyamine homeostasis after IP administration of 3 g/kg L-ornithine. Pancreatic (A)
spermidine and (B) spermine levels and activities of (C) ODC and (D) SSAT are shown. Data are presented as means T SEM, n = 5Y6.
*Significant difference (P G 0.05) versus the control group (0 hour, gray column).
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FIGURE 3. Time-course changes in hepatic and lung polyamine pools after IP administration of 3 g/kg L-ornithine. The diagrams
demonstrate hepatic (A) putrescine, (B) spermidine, and (C) spermine levels; and lung (D) putrescine, (E) spermidine, and (F) spermine
levels. Data are shown as means T SEM, n = 5Y6. *Significant difference (P G 0.05) versus the control group (0 hour, gray column).
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Lung
Similarly to that observed in the liver, lung putrescine levels

showed a significant peak at 6 hours after L-ornithine injection
(Fig. 3D). In contrast to the changes observed in the hepatic
polyamine pools, lung spermidine content showed significantly
decreased levels at 6, 72, and 168 hours (Fig. 3E). Lung sperm-
ine content was not significantly altered at the investigated time
points (Fig. 3F).

Effects of the Synthetic Polyamine Analogue
1-MeSpd on L-OrnithineYInduced
Acute Pancreatitis

Pancreatic SSAT Activity, Putrescine, Spermidine,
MeSpd, and Spermine Content

Methylspermidine accumulated in the pancreas as a result
of both pretreatment (MO24: 4.53 T 1.79 nmol/mg protein) and

FIGURE 4. Effects of 1-MeSpd (MeSpd) administration on changes in pancreatic polyamine homeostasis in L-ornithineYinduced acute
pancreatitis. The diagrams demonstrate pancreatic (A) spermidine and (B) spermine levels and (C) SSAT activity. Groups of rats were
injected IP with 3 g/kg L-ornithine (Orn +) or PS (Orn j) and were untreated (MeSpd j), pretreated (MeSpd PT), or treated
(MeSpd TR) with 50 mg/kg MeSpd IP. The white and gray bars indicate groups of animals killed at 24 or 48 hours (respectively) after
the L-ornithine or PS injection. For a more detailed experimental protocol, see Materials and Methods. Data are shown as means T SEM,
n = 5Y8. *Significant difference (P G 0.05) versus the control group (Orn j, MeSpd j).
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FIGURE 5. Effects of MeSpd on pancreatic morphological damage in L-ornithineYinduced acute pancreatitis. The images show
representative hematoxylin and eosin images of pancreata of rats injected IP with (A) PS or (BYF) 3 g/kg L-ornithine, which were
(A, B, E) untreated, (C) pretreated, or (D, F) treated (twice in case of F) with 50 mg/kg MeSpd IP. Animals were killed at (AYD)
24 hours or (EYF) 48 hours after the injection of L-ornithine or PS. Original magnification �200.

TABLE 1. Effects of 1-MeSpd on Histological Parameters in L-OrnithineYInduced Acute Pancreatitis

MeSpd V PT TR V TR

Time of Sacrifice, h 24 48

Vascular congestion 0.6 T 0.2* 1.0 T 0.0* 0.8 T 0.2* 0.8 T 0.2* 1.0 T 0.0*
Leukocyte adherence 3.0 T 0.0* 3.0 T 0.0* 2.7 T 0.2* 2.8 T 0.2* 2.8 T 0.2*
Interstitial edema 2.8 T 0.2* 3.0 T 0.0* 2.8 T 0.2* 3.0 T 0.0* 2.8 T 0.2*
Leukocyte infiltration 2.9 T 0.5* 2.8 T 0.3* 3.5 T 0.3* 4.0 T 0.0* 3.4 T 0.2*
Vacuolization 0.3 T 0.2 0.0 T 0.0 0.0 T 0.0 0.0 T 0.0 0.2 T 0.2
Necrosis 4.0 T 0.0* 4.0 T 0.0* 3.8 T 0.2* 0.0 T 0.0 0.0 T 0.0
Apoptosis 1.8 T 0.5* 1.7 T 0.4* 1.3 T 0.5* 0.0 T 0.0 0.2 T 0.2
Regeneration 0.0 T 0.0 0.0 T 0.0 0.0 T 0.0 1.8 T 0.2* 2.0 T 0.0*
Total 15.3 T 0.5* 15.5 T 0.6* 15.0 T 0.8* 12.4 T 0.2* 12.4 T 0.5*

Rats were injected IP with 3 g/kg L-ornithine and were untreated (MeSpd V), pretreated (MeSpd PT), or treated (MeSpd TR, twice in case of the
animals killed at 48 hours) with 50 mg/kg MeSpd IP. Animals were killed at 24 or 48 hours after the injection of L-ornithine. Values for control animals
(injected IP with PS instead of L-ornithine and MeSpd) were 0.0 T 0.0.

*Significant difference (P G 0.05) versus the control group.
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treatment (OM24: 10.42 T 1.35 nmol/mg protein, OM48: 8.74 T
1.18 nmol/mg protein). Pancreatic spermidine content signifi-
cantly decreased in the L-ornithineYtreated groups (F4 Fig. 4A),
whereas spermine contents did not show any alteration (Fig. 4B).
Pancreatic SSAT activity significantly increased in response to L-
ornithine injection by more than 4-fold at 24 hours and more than
7-fold at 48 hours (Fig. 4C). Putrescine was not present in detect-
able amounts in any of the groups (results not shown). Methyl-
spermidine administration did not affect any of these parameters.

Histological Examination
Interstitial edema, vascular congestion, leukocyte adherence,

and infiltration and necrosis of acinar cells greatly increased at 24

and 48 hours in response to L-ornithine injection ( F5Fig. 5). Apo-
ptosis of acinar cells was detected only at 24 hours. Methylsper-
midine administration did not ameliorate any of the investigated
histological parameters (Fig. 5; T1Table 1).

Serum and Pancreatic Amylase Activities, Serum
Lipase Activity, and PW/BW Ratio

Serum amylase activities did not increase significantly in
response to L-ornithine injection. However, MeSpd treatment
in the OM24 group significantly increased serum amylase ac-
tivity, and it was also significant versus the O24 group ( F6Fig. 6A).
Pancreatic contents of amylase significantly decreased in the L-
ornithineYtreated groups versus the control group except in the

FIGURE 6. Effects of MeSpd on the activities of serum and pancreatic digestive enzymes and PW/BW ratio in L-ornithineYinduced
acute pancreatitis. The bar charts demonstrate activities of (A) serum and (B) pancreatic amylase, (C) serum lipase, and (D) PW/BW
ratio. See legend of Figure 4 for the labeling of the bars. Data are shown as means T SEM, n = 5Y8. Significant difference (P G 0.05)
versus the *control (Orn j, MeSpd j) or **Orn 24 hours (Orn +, MeSpd j, white bar) group.
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OM24 group (Fig. 6B). Serum lipase activity significantly
increased in the L-ornithineYtreated groups at 24 hours versus
the control group (Fig. 6C). Serum lipase activity significantly
increased in the OM24 group versus the O24 group (Fig. 6C).
Pancreatic weightYbody weight ratio significantly increased at
24 hours in response to 3 g/kg L-ornithine (Fig. 6D). Methyl-
spermidine administration did not influence PW/BW, either at
24 hours or at 48 hours.

Pancreatic HSP72 and IJB-> Expression
Heat shock proteins are essential cytoprotective molecules

that are known to be induced in acute pancreatitis.18 IJB-> is
an inhibitory protein of the proinflammatory transcription factor,
nuclear factor JB (NF-JB).19 Injection of 3 g/kg L-ornithine
induced pancreatic HSP72 synthesis at 24 hours (F7 Fig. 7). Pan-
creatic IJB-> levels decreased significantly 24 and 48 hours
after the L-ornithine injection (Fig. 7). Methylspermidine admin-
istration did not affect HSP72 and IJB-> levels.

Pancreatic MPO Activity
Pancreatic MPO activity significantly increased in the

L-ornithineYtreated groups versus the control group (F8 Fig. 8A).
Methylspermidine administration did not influence MPO ac-
tivity in any of the groups.

Pancreatic IL-1A levels
Corresponding to IJB degradation, and consequently to

activation of NF-JB, pancreatic IL-1A synthesis showed signif-
icantly elevated levels at 24 and 48 hours after the L-ornithine
injection (Fig. 8B). Methylspermidine treatments had no sig-
nificant effects on proinflammatory cytokine levels, although the
analogue treatment seemed to partially prevent the elevation of
IL-1A level.

Serum Concentrations of Creatinine and
ASAT Activity

Significant elevations of serum creatinine concentrations
were detected in the O24 and OM24 groups versus the control
group (Fig. 8C). Serum ASAT activities significantly increased
24 and 48 hours after L-ornithine injection (Fig. 8D). Methyl-
spermidine administration did not affect serum ASAT activity in
any of the groups.

DISCUSSION
The involvement of polyamines in the pathogenesis of

acute pancreatitis was first found in transgenic rats over-

expressing SSAT.5 Interestingly, we have also found increased
pancreatic spermidine catabolism (possibly mediated via acti-
vation of SSAT) in L-ornithineYinduced acute pancreatitis. In
contrast, polyamine levels generally increased in the lung and
liver with the exception of lung spermidine levels, which de-
creased. Pretreatment or treatment with the stable polyamine
analogue MeSpd did not influence the levels of natural poly-
amines and SSAT activity and did not ameliorate the severity of
L-ornithineYinduced acute pancreatitis. This may be explained
by the finding that the analogue did not accumulate in the
pancreas to the level compensating for the most of spermidine
depletion with the exception of the treatment group at 24 hours.

Assuming that the direct transformation of L-ornithine into
putrescine may secure specific targeting of the polyamine
metabolism but consists of a partial utilization of L-ornithine,
Bdetoxification[ of the excess amino acid load may also include
conversion of L-ornithine to citrulline or glutamic semialdehyde.
The influence of these metabolic routes cannot be excluded.

Pancreatic polyamine catabolism seems to be a general
feature of acute pancreatitis.6Y8 In the current study on L-
ornithineYinduced acute pancreatitis, we have shown that poly-
amine levels are altered only after the first signs of histological
damage. Whereas the earliest events (vascular congestion,
vacuolization, and apoptosis of acinar cells) in L-ornithineY
induced acute pancreatitis pancreas can already be detected at
4 hours,9 polyamine catabolism started only after 6 hours.
The belated elevations in the activity of SSAT and spermidine
catabolism suggest that these mechanisms do not take part in the
initiation of L-ornithineYinduced acute pancreatitis. Neverthe-
less, polyamine catabolism was apparent at 24 hours after the
injection of L-ornithine when the highest degree of pancreatic
injury was detected. The earliest time point at which pancreatic
polyamine pools and SSAT activity were investigated in the
similar L-arginineYinduced model was 24 hours.6 However, in
taurocholate-induced pancreatitis, pancreatic SSAT activity al-
ready increased from 3 to 6 hours.8 An interesting difference
between the taurocholate-induced, arginine-induced, and the
L-ornithineYinduced models is that neither spermine catabolism
nor putrescine accumulation could be detected in the pan-
creas despite the elevations in SSAT and ODC activities in the
L-ornithineYinduced model. As polyamine homeostasis is con-
trolled not only by their metabolism, but also by their secretion
and uptake, these findings might be a consequence of altered
polyamine transport.1Y2 They may also be an indication of
accelerated polyamine metabolic cycle, as described for SSAT
transgenic mice,20 which could in part explain the lack of
spermine depletion in L-ornithineYinduced pancreatitis where
the synthesis dominates over the catabolism.

As acute pancreatitis will affect extrapancreatic organs
such as the liver and lung, we also investigated changes of
polyamine pools in these tissues. Depletion of spermidine and
spermine levels has been reported in red blood cells of rats with
taurocholate-induced pancreatitis, and these changes correlated
with the extent of pancreatic necrosis.21 We have demonstrated
that changes in polyamine pools in response to L-ornithine in-
jection occur not only in the pancreas and blood, but also in the
liver and lung. Interestingly, although a marked accumulation of
putrescine was observed in these tissues at 6 hours, subsequent
activation of polyamine catabolism was not detected in these
organs. Only a moderate decrease was found in lung spermidine
levels.

Synthetic >-methylated polyamine analogues, such as
MeSpd, are metabolically more stable than natural polyamines
as they are not substrates for SSAT and are poor substrates for
spermine synthase.22 Nevertheless, they are supposed to fulfill

FIGURE 7. Effects of MeSpd on pancreatic HSP72 and IJB->
levels in L-ornithineYinduced acute pancreatitis. The figure
shows representative Western immunoblot analysis of protein
lysates (40 Kg/lane) from the pancreata of rats administered PS,
L-ornithine, and/or MeSpd. See legend of Figure 4 for the
labeling of groups. Rats were killed, as indicated, at 24 or 48 hours
after injection with PS or L-ornithine.
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most of the putative cellular functions of natural spermidine
and spermine. Methylated derivatives of polyamines are sub-
strates of proteins involved in polyamine transport and ac-
cumulate in the pancreas after IP administration. Moreover,
they act as substitutes of natural polyamines.23 Methylspermi-
dine pretreatment totally prevented zinc-induced pancreatitis
in transgenic rats overexpressing SSAT as judged by plasma
>-amylase activity and histopathology.24 In this study, we ad-
ministered MeSpd (to compensate for depleted pancreatic
spermidine levels) as a single-injection pretreatment before
the induction of L-ornithineYinduced pancreatitis or twice as

treatment after the induction of pancreatitis. In both cases,
MeSpd was ineffective at reducing the severity of the disease.
This was demonstrated by measuring several laboratory and
histological parameters of acute pancreatitis. Both the pretreat-
ment and treatment with MeSpd led to decreased spermidine
levels in the L-ornithineYinduced pancreatitic groups, which
suggest that catabolism of the natural polyamines further in-
creased in the presence of synthetic polyamine analogue or
the analogue replaces the natural spermidine in its binding site
in the tissue. The current results are partly in contrast with
the earlier studies on L-arginineY and taurocholate-induced

FIGURE 8. Effects of MeSpd on pancreatic parameters reflecting inflammation and extrapancreatic organ involvement in
L-ornithineYinduced acute pancreatitis. The bar charts demonstrate pancreatic (A) MPO activities, (B) IL-1A levels and (C) serum
creatinine concentrations, and (D) ASAT activities. See legend of Figure 4 for the labeling of the bars. Data are shown as means T SEM,
n = 5Y8. *Significant difference (P G 0.05) versus the control group (Orn j, MeSpd j).
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pancreatitis. Methylspermidine pretreatment was shown to re-
duce the severity of L-arginineYinduced (2.5 g/kg) pancreatitis
without preventing SSAT activation and subsequent polyamine
catabolism.6 In contrast (and in accordance with our results),
the severity of cerulein-induced (7 � 50 Kg/kg) pancreatitis
was not affected by MeSpd pretreatment.6 The common fea-
ture is that neither in cerulein-induced pancreatitis nor in
L-ornithineYinduced pancreatitis did the analogue accumulate
to the levels compensating for the depleted polyamine pools.
Bismethylspermine treatment (but not pretreatment) amelio-
rated pancreatic injury at 24 hours after the induction of
taurocholate-induced pancreatitis, but it did not ameliorate the
late progression of the pancreatic necrosis at 72 hours.21

Moreover, bismethylspermine treatment resulted in lethal tox-
icity at 72 hours after induction of pancreatitis.21 We must note
that the infusion of sodium taurodeoxycholate (2%) into the
pancreatic duct or IP injection of 2.5 g/kg L-arginine will result
in milder pancreatitis versus 3 g/kg L-ornithine. The contrast-
ing results may be attributed to the fact that stable polyamine
analogues may be effective only at earlier time points and in
less severe forms of necrotizing acute pancreatitis.

In the present study, we have shown that increased SSAT
activity and consequent spermidine catabolism in the pancreas
are apparent phenomena in L-ornithineYinduced acute pancre-
atitis in rats. However, the fact that these changes occur belatedly
and that MeSpd administration did not ameliorate any of the
parameters, either in the pretreatment or in treatment group,
suggests that activated polyamine catabolism does not play a
role in the initiation of pancreatic injury in L-ornithineYinduced
experimental pancreatitis. The organ-specific responses to L-
ornithine and the method of pancreatic damage induction by the
basic amino acid need to be investigated. Further studies are
needed to reveal the role of polyamine homeostatic processes
in the maintenance of pancreatic integrity.
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