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The objective of this study was to assess the biochemical and histological signs of
pancreatic damage development and pancreatic recovery in the course of
ischemia-reperfusion induced pancreatitis. Acute pancreatitis was induced in rats by
limitation of pancreatic blood flow (PBF) in inferior splenic artery for 30 min using
microvascular clips, followed by reperfusion. Rats were sacrificed at the time: 1 h,
12h,24 h, and 2, 3, 5, 7, 10, 14, 21 and 28 days after ischemia. PBF was measured
using laser Doppler flowmeter. Plasma amylase, interleukin 1B (IL-1pB) and interleukin
10 (IL-10) concentration, pancreatic DNA aiynthcsis, as well as, morphological features
of pancreatic damage were examined. Ischemia with reperfusion caused acute
necrotizing pancreatitis followed by pancreatic regencration. Alfter removal of
microvascular clips, PBF was reduced and the maximal fall of PBF was observed 24 h
after ischemia, then PBF grew reaching the control value at 28" day. Plasma amylase
activity was increased between 12th h and 3rd day with maximum at 24 h after
ischemia. Also plasma IL-1P and IL-10 were elevated with maximal value at the first
and second day after ischemia, respectively. DNA synthesis was maximally reduced at
the first day (by 70%) and from second day the reversion of this tendency was
observed with gull restoration of pancreatic DNA synthesis within four weeks.
Morphological features of pancreatic tissue showed necrosis, strongly pronounced
edema and leukocyte infiltration. Maximal intensity of morphological signs of
pancreatic damage was observed between first and second day of repcngusion. During
pancreatic regeneration between second and tenth day after ischemia the temporary
appearance of chronic pancreatitis-like features suci; as fibrosis, acinar cell loss,
formation of tubular complexes and dilatation of ducts was observed. The regeneration
was completed within four weeks after pancreatitis development. We conclude that
partial and temporary pancreatic ischemia followed by reperfusion causes acute
necrotizing pancreatitis with subsequent regeneration within four weeks. Pancreatic
repair after necrotizing pancreatitis is connected with the increase in plasma IL-10
concentration and transitory formation of tubular complexes.

Key words: acute pancreatitis, pancreatic blood flow, tubular complexes, interleukin-1f,
interleukin-10.

INTRODUCTION

Acute pancreatitis is a pathological process dependent on autodigestion
caused by premature activation of zymogens to active enzymes, but there is
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increasing evidence that pancreatic ischemia plays a important role in the
initiation of pancreatitis, or the progression to necrotizing pancreatitis (1).
Necrosis of pancreatic and peripancreatic tissue is recognized as a key factor in
the evolution of the disease from mild to severe. Microvacular perfusion failure
is essential for the development of clinical pancreatitis after cardiac (2, 3) or
aortic (4, 5) surgery, hypovolemic shock (6), hypothermia (7) and transplanta-
tion of the pancreas (8). Also, the diffuse damage of pancreatic vascular
network leading to disturbances of an adequate blood supply, may induce
acute pancreatitis. Clinically, this situation is observed in generalized
atheromatous disease (4), amphetamine-induced vasculitis (9), malignant hyper-
tension (10), periarteriitis nodosa (10, 11) and systemic lupus erythematosus
(12). Experimental studies show that ischemia alone may initiate pancreatitis
and always aggravates pancreatic damage (1, 13, 14), whereas vasodilatation
and improvement of pancreatic blood flow reduces development of acute
pancreatitis (15, 16). In acute pancreatitis caused by other, non-vascular factors,
the early disturbance of pancreatic circulation is observed (17, 18, 19). It is well
known that reduction in pancreatic microcirculation leads to formation of
thrombi in capillaries, activation of leukocytes, release of proteolytic enzymes,
formation of oxygen-derived free radicals and proinflammatory cytokines (1).
The latter two groups of factors act locally and passing into circulation, may
cause multiple organ failure and death (20).

Main experimental models of vascular-induced pancreatitis include (14, 21):
(a) intravascular injection of microspheres (22, 23); (b) occlusion of pancreatic
capillaries and venules by hyaline or thrombi formed in the evolution of the
Arthus reaction (24); (c) ligation of pancreatic ducts and occlusion of
gastrointestinal artery combined with administration of secretin (25); (d}
thrombosis in pancreatic veins combined with ligation of pancreatic ducts (26),
(¢) pancreatic hypoperfusion evoked by hypovolemic shock (27); (f) clamping of
pancreatic arteries followed by reperfusion (28).

In the present study we induced acute, hemorrhagic pancreatitis by
temporary clamping of inferior splenic artery followed by reperfusion. The
objective of this study was to determine the course of pancreatic regeneration
after ischemia-reperfusion-induced pancreatitis.

MATERIALS AND METHODS

Animals and treatment

Studies were performed on 112 male Wistar rats weighing 180—200 g and were conducted
following the experimental protocol approved by the Committee for Research and Animal Ethics
of Jagiellonian University.



223

Animals were housed in cages with wire mesh bottoms, with normal room temperature
and a 12-hour light-dark cycle. After fasting fer 24 h, but free access to water, rats were
anesthetized with ketamine (50 mg/kg intraperitoneally, Biokctan, Biowet, Gorzow, Poland).
After longitudinal laparotomy, ischemia in the splenic region of the pancrcas was induced
by clamping of inferior splenic artery for 30 min using microvascular clips. In sham
operated-control animals longitudinal laparotomy and mobilization of pancreas without
clamping any arteries was performed. After 30 min ischemia microvascular clips were
removed for reperfusion and the abdominal cavity was closed. Animals were anesthetized
again immediately before being sacrificed at the time 1 h, 12 h, 24 h, and 2, 3, 5, 7, 10,
14, 21 and 28 days after relcase of the microvascular clamp (n = 8—10 rats at the each
time of observation).

Determination of pancreatic blood flow

At the time of experiment cessation animals were anesthetized with ketamine and
the abdominal cavity was opened. The pancreas was exposed for the measurement of
the blood flow in the pancreatic tissue by laser Doppler flowmeter using PeriFlux 4001
Master monitor (Perimed AB, Jirfdila, Sweden), as described previously (29). The pancreatic
blood flow was presented as percent change from control value obtained in sham-operated
rats.

Determination of plasma amylase activity and IL-B and IL-10 concentration

Immediately after measurement of pancreatic blood flow the abdominal aorta was
exposed and blood was taken for plasma amylase, IL-1p and IL-10 determination. Plasma
amylase activity was determined by an enzymatic method [Amylase reagent set (kinetic),
Alpha Diagnostic sp. z 0.0, Warszawa, Poland]. The values were expressed as unitsjliter.
Plasma IL-1f and IL-10 were measured in duplicate using the BioSource Cytoscreen rat
IL-1§ and IL-10 kit based on a solid phase sandwich Enzyme Linked Immune Sorbent
Assay (ELISA) (BioSource International, Camarillo, California, USA). Concentration was
cxpressed as pg/ml

Determination of pancreatic DNA synthesis

After blood withdrawal the pancreas was carefully dissected from its attachment to the
stomach, the duodenum and the spleen. Fat and peripancreatic tissue were trimmed away.
The pancreas was rinsed with saline, blotted on paper and weighed. The rate of DNA
synthesis in the portion of minced pancreatic tissue was determined by incubating the tissue
at 37° for 45 min in 2 ml of medium containing 8 pCi jml of [*H]thymidine
([6-*H]-thymidine, 20—30 Cijmmol, Institute for Research, Production and Application of
Radioisotopes, Prague, Czech Republic). The reaction was stopped with 0.4 M perchloric acid
containing carrier thymidine (5 mM). Tissue samples were centrifuged and the precipitate
washed twice in cold 0.2 M perchloric acid and recentrifuged. RNA was hydrolyzed in 0.3
M KOH incubated for 90 min at 37°C. DNA and protein were reprecipitated with 10%
perchloric acid. After standing for 10 min on ice, the tubes were centrifuged and the
supernatant was discarded. DNA in the residual pellets was solubilized in 10% perchloric
acid by heating at 70°C for 20 min. Denaturated protein was removed by centrifugation for
20 min. Using call thymus as a standard, the DNA concentration was determined by Giles
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and Myers procedure (30). The incorporation of [*H]thymidine into DNA was determined by
counting 0.5 ml DNA-containing supernatant in a liquid scintillation system. DNA synthesis
was expressed as [*H]thymidine disintegrations per minute per microgram DNA (dpm/ug
DNA).

Histological examination

Samples of pancreatic tissue were excised, fixed in 10% formalin, embedded in paralflin and
sections were stained with hematoxylin and eosin. The slides were examined histologically by two
experienced pathologists without knowledge of treatment given. The histological grading of edema
was made using own scale ranging from 0 10 3; 0=no edema, 1=interlobular cdema,
2=interlobular and moderate intralobular edema, and 3=severe interlobular and intralobular
edema. Leukocytic infiltration was graded from O (absent) to 3 for maximal alterations (diffuse
infiltration in the entire pancreatic gland). Grading of vacuolization was based on the percentage of
cells involved: 0 =absent, 1 =less than 1=5%, 2=25—50% and 3=more than 50%. Findings of
acinar necrosis were graded: O=absent, 1 =1less than 15% of cells involved, 2=Fform 15 to 35% of
cells involved, 3 =more than 35% of cells involved. Grading of hemorrhages: 0=absent, 1 = from
1 to 2 foci per slide, 2=from 3 to 5 foci per slide, 3=more than 5 foci per slide. Morphological
features typical for chronic pancreatitis such as fibrosis, acinar cell loss, formation of tubular
complexes and dilatation of ducts, were graded: O=absent, 1=focal changes, 2=prominent
changes involving less than half of the slide, 3=prominent changes involving more than half of
picture.

Statistical analysis

The differences between mean values from various groups of experiments were compared by
variance analysis and Student’s t-test for unpaired data. A difference with a P value of less than
0.05 was considered statistically significant. Results are expressed as means+S.EM.

RESULTS

The pancreas of sham-operated animals showed macroscopically no tissue
alteration and at light microscopic level minimal edema and no inflammation
(Table 1). In contrast, pancreatic ischemia followed by reperfusion produced
acute necrotizing pancreatitis in all tested rats. One hour after ischemia,
severe inter- and intralobular edema was accompanied with 1 to 5 foci of
hemorrhages per slide. Inflammatory leukocyte infiltration was scarce,
predominantly perivascular. Necrosis of acinar cells was observed in all
cases but less than 15% of cells was involved. Vacuolization was observed
in less than 15% of acinar cells. Pancreatic ducts were unchanged. During
the observation period, maximal intensity of edema (severe inter- and
intralobular) was found between 1 and 24 h after ischemia, then tended to
regress throughout the rest of experiment time reaching the control value
21 days after ischemia.
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Table 1. Morphological features of pancreatic damage in ischemia-reperfusion induced pancreatitis

HISTOLOGY
Inflammatory % ! Pseud?-
Edema | Hemorrhages . : Necrosis | Yacuolization | chronic
infiltration 3
lesions
Shamoperated o/ 0 0 0 0 0
{control)
Time after
cessation of
ischemia
1h 3 1/2 1 1 1 0
12 h 3 2 3 1/2 1 0
24 h 3 3 3 12 1/2 0
2 days 2 12 3 12 1 1
3 days 1/2 1 3 1 1 1
5 days 1 0/1 2 0/l 0/1 1/2
7 days 1 0/1 2 0 0/1 2
10 days 1 0/1 2 0 01 0/1
14 days 1 0 1 ] 0/1 0
21 days 0/1 0 1 0O 0 0
28 days 0/1 0 0 0 0 1]

Numbers represent the predominant histological grading in each group

The initial number of hemorrhagic foci observed 1 h after reperfusion was
followed by an increase in this parameter reaching the maximal number of
hemorrhages 24 h after ischemia (more than 5 foci per slide). From the second
day after ischemia number of hemorrhages was reduced and starting from the
fourteenth day after ischemia, no hemorrhages were observed (Table I).
Maximal, abundant and diffuse inflammatory leukocyte infiltration was
present between 12 h and third day after ischemia. From fifth day leukocyte
infiltration was diminished and 28 days after ischemia, in the most cases lack of
inflammatory infiltration was found.

Acinar necrosis reached maximal grade between 12™ h and 2™ day (Table I).
At this time, necrosis in half of cases was observed in less than 15% of cells, in
the remaining cases, necrosis was found in 15 to 35% of acinar cells. From 3™
day after ischemia acinar necrosis was reduced and at 5 day necrosis of acinar
cells was observed for the last time. 12 h after ischemia the percentage of cells
with vacuolization reached the same value as after one hour of reperfusion
(Table I). After 24 h from ischemia vacuolization was present in the maximal
number of acinar cells (from less that 25% to 50% of cells) and then percentage
of acinar cell with vacuolization was reduced. After 21 days from induction of
ischemia no vacuolization was found.
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From second day after ischemia induced pancreatitis, some features typical
for chronic pancreatitis were observed. We found the acinar cell loss,
proliferation of fibroblasts, dilatation of ducts and formation of tubular
complexes (Fig. I and Fig. 2). Concentrically arranged fibrosis was seen around
the ducts and between tubular structures. The tubular complexes appeared as
cylindrical tubes, sometimes connected, with wide empty lumen. This lumen
was bordered by a monolayer epithelium of flattened duct-like cells. The
maximal intensity of pseudo-chronic lesions was found at the seventh day after
ischemia and then tended to regress (Table I). Fourteen days after ischemia,
tubular complexes and fibrosis disappeared.

Fig. 1. Histological findings on third day after induction of ischemia. Only some cells have kept
acinar features. Most cells have ductal features with formation of tubular complexes. HE 300 x.

1 h after removal of microvascular clips the pancreatic blood flow was
reduced by 59% when compared to control (Fig. 3). Maximal fall of pancreatic
blood flow was observed 24 h after ischemia; then pancreatic blood flow grew
reaching the control value at 28" day.

Ischemia caused the cumulative decrease in pancreatic DNA synthesis
reaching the lowest value 24 h after reperfusion (Fig. 4). From fifth day after
ischemia the pancreatic DNA synthesis was partially restored and 28 days after
ischemia, DNA synthesis reached control group value.
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Fig. 2. Acinar cell loss, proliferation of fibroblasts with fibrosis, inflammatory infiltration, dilatation
of ducts and formation of tubular complexes seen on fifth day after induction of ischemia. HE 160 x.
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Fig. 3. Pancreatic blood flow during reperfusion after pancreatic damage induced by ischemia.
Mean+ S.E.M. of 8—10 observations. *P<0.05 compared with control.
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Fig. 4. Pancreatic DNA synthesis during reperfusion after pancreatic damage induced by ischemia.
Mean+S5.E.M. of 8—10 observations. *P <0.05 compared with control.
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Fig. 5. Plasma amylase activity during reperfusion after pancreatic damage induced by ischemia.
Mean+ 5.E.M. of 8—10 observations. *P <0.05 compared with control.
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One hour after removal of vascular clamps, the plasma amylase activity
remained unchanged when compared to control (Fig. 5). Significant increase of
plasma amylase was observed from 12h to third day from pancreatitis
development with maximal value increase at 24 h after reperfusion. Plasma
amylase activity reached the same value as in control group from fifth day after
ischemia.

Plasma IL-1B concentration was increased starting from first hour after
ischemia (Fig. 6) with maximal increase at 24 h of reperfusion. Plasma TL-1p
concentration tended to decrease from second day but remained elevated
above control value till 28" day.
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Fig. 6. Plasma interleukin-1§ concentration during reperfusion after pancreatic damage induced by
ischemia. Mean +S.E.M. of 8—10 observations. “P<0.05 compared with control.

Significant increase in plasma IL-10 was observed between 24 h and
tenth day of reperfusion with maximal value at second day (Fig. 7).
From fourteen day after ischemia, the plasma level of IL-10 returned to
control.

3 Journal of Physiology and Pharmacology
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Fig. 7. Plasma interleukin-10 concentration during reperfusion after pancreatic damage induced by
ischemia. Mean+S.E.M. of 8—10 observations. "P<0.05 compared with control.

DISCUSSION

The present study confirms and extends previous findings (28, 31) that the
pancreas is an organ highly susceptible to ischemic damage and ischemia
followed by reperfusion causes acute pancreatitis. Typically, as in models used
by Hoffmann et al. (28) or Menger et al. (31), the ischemia of pancreatic tissue is
induced by clamping of all arteries supplying the pancreas. They have clamped
gastroduodenal, splenic and gastric left arteries, as well as, gastric short arteries
(31). This procedure causes total ischemia and does not resemble any clinical
circumstance related to pancreatitis (32). In our present study we prepared an
experimental model of pancreatitis in which pancreatic damage was evoked by
partial reduction of blood flow in the inferior splenic artery, followed by
reperfusion. This procedure caused pancreatic hypoperfusion (reduction of
pancreatic blood flow in the splenic region of pancreas by 80%) but not total
ischemia what more accurately resembles clinical condition. Our study
provided evidence that partial ischemia is also a sufficient factor for develop-
ment of acute hemorrhagic and necrotizing pancreatitis.

In the present study we observed aggravation of pancreatic damage during
first 24 h of reperfusion. This finding is in agreement with several lines of
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evidences from experimental and clinical studies that reperfusion can paradoxi-
cally injure ischemic tissue (33). Reperfusion injury has been documented in the
stomach, (34) intestine (35), cardiac (36) and skeletal muscle (37) or lungs (38).
The tissue damage evoked by reperfusion is produced by reactive oxygen
species, activation of leukocytes and formation of pro-inflammatory cytokines
(33, 39). In our present study reperfusion resulted in a leukocyte infiltration
accompanied by an increase in plasma IL-1§ concentration. In acute pancreati-
tis, leukocytes intensively adhere to the endothelium of veins forming plagues
and contribute to injury by reducing blood flow via occlusion of microvessels
{40), as well as by releasing mediators of tissue damage (41). Norman et al. (42)
have shown that activation of leukocytes is associated with rapid production of
cytokines such as IL-1, IL-6 and TNF-o within the pancreas and systemati-
cally. The pancreatic tissue level of IL-1 and TL-6 rose faster and achieved
higher value than serum level indicating that the pancreas itself is a major
source of cytokine cascade induction in pancreatitis (42). IL-1 is a well known
mediator in the disease and in the production of systemic acute phase
responses (43). IL-1 stimulates own gene expression and synthesis, and plays
a crucial role in induction of the release of other members of the
pro-inflammatory cytokine cascade (43). The study performed by Noman et al.
(44) has shown that blockade of IL-1 by use of naturally occurring receptor
antagonist, almost completely attenuates the rise in serum IL-6 and TNF-a
level and decreases severity of experimental acute pancreatitis.

In contrast to 1L-1p, IL-10 has been found to be a major anti-inflammatory
cytokine. It inhibits the production of pro-inflammatory cytokines (45) and
reactive oxygen species (46) by macrophages and reduces activation of
macrophages (46). The study performed by Van Laethem et al. (47) has shown
that administration of IL-10 before and during induction of acute pancreatitis
decreases the severity of pancreatitis, mainly by inhibiting the development of
acinar cell necrosis. Van Laethem et al. have suggested that this effect, at least
in part, is related to a decrease in tumor necrosis factor secretion (47). In our
present study, IL-10 plasma concentration rose after development of acute
pancreatitis reaching maximal value at the second day of observation, whereas
maximal concentration of IL-1P has was observed one day earlier. This shift in
the time between maximal IL-1B and 1L-10 plasma concentration suggests that
an increase in IL-10 is a result of an increase in IL-1p concentration, and 1L-10
plays an important role in self-limitation of acute pancreatitis. The additional
argument for this hypothesis is the fact that the maximal concentration of
IL-10 corresponds with the beginning of pancreatic regeneration.

After the acute phase of pancreatitis, from the second day of reperfusion, we
have observed reduction of pancreatic damage and initiation of pancreatic
repair. It was expressed by the decrease in plasma amylase and IL-1B, as well
as, the increase in pancreatic blood flow and DNA synthesis. Histological

i
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examination also has shown the reduction in pancreatic damage. In acute
edematous pancreatitis evoked by caerulein, the total structural and functional
recovery is achieved nine to twelve days after induction of pancreatitis
(48—50). In contrast to caerulein, ischemia-reperfusion causes hemorrhagic
and necrotizing pancreatitis, and for this reason pancreatic regeneration after
ischemia-reperfusion induced pancreatitis needs at least four weeks.

During pancreatic recovery between second and tenth day of reperfusion,
we observed the chronic pancreatitis-like alterations such as fibrosis, necrosis
of acinar cells and appearance of tubular complexes. Fourteen days after
ischemia  pancreatitis-like alterations were absent. These chronic
pancreatitis-like alterations were also described by others in the course of
experimental (51—54) and human (55) acute pancreatitis during the postacute
period and disappeared in relatively short time. Regeneration involves acinar
cells and tubular complexes, as evidenced by mitotic figures observed in these
structures (52). Cells of tubular complexes are supposed to originate from
acinar cells by dedifferentiation and structures very similar to tubular com-
plexes were observed in embryonic pancreas, which suggest that the cells
forming tubular complexes may have recovered pluripotency, what is essential
in pancreatic development and repair (52). This concept is supported by
findings that acinar (52), ductular (56) cells, as well as, endocrine islets cells (57,
58) can derive from cells of tubular complexes.

In summary, the present study demonstrated that temporary partial
pancreatic ischemia followed by reperfusion is sufficient to induce acute
hemorrhagic and necrotizing pancreatitis. Pancreatic damage is followed by
subsequent pancreatic repair with transitory forming of tubular complexes.
Pancreatic regeneration is completed within four weeks after ischemia.

REFERENCES

1. Menger MD, Vollmar B. Microcirculation: initiating or aggravating factor, in Acute pancreati-
tis. Novel concepts in biology and therapy, Biichler MW, Uhl W, Friess H, Malfertheiner P,
{eds). Blackwell Science, Berlin-Vienna, 1999, pp. 63—70.

2. Haas GS, Warshaw AL, Daggett WM, Artetz HT. Acute pancreatitis after cardiopulmonary
bypass. Am J Surg 1985; 149: 508—515.

3. Lonardo A, Grisendi A, Bonilauri S, Rambaldi M, Sclmi I, Tondelli E. Ischemic necrotizing
pancreatitis after cardiac surgery. A case report and review of the literature. fraf J Gastroenterol
Hepatal 1999; 31: 872---875.

4. Sakorafas GH, Tsiotos GG, Bower TC, Sarr MG. Ischemic necrotizing pancreatitis. Two case
reports and review of literature. fnr J Pancreatol 1998; 24: 117—121.

5. Gullo L, Cavicchi L, Tomassetti P, Spagnolo C, Freyrie A, D’Addato M. Effects of ischemia on
the human pancreas. Gastroenterology 1996; 111: 1033—1038.

6. Warshaw AL, O'Hara PJ. Susceptibility of pancreas to ischemic injury in shock. Ann Surg
1978; 18: 197—-201.



20.

21.

22,

23,

24,

25,

26.

233

. McLean D, Murison J, Griffiths PD. Acute pancreatitis and diabetic ketoacidosis in accidental

hypotermia and hypotermic myxoedema. Br J Med 1973; 4 757—761.

. Fernandez-Cruz L, Sabater L, Gilberg R, Ricart MJ, Saens A, Astudillo E. Native and graft

pancreatitis following combined pancreas-renal transplantation. Br J Surg 1993, 80:
1429—1432,

. Citron BP, Halpern M, McCarron M, Lundberg GD, McCormick R, Pincus IJ, Tatter D,

Haverback BJ. Necrotizing angiitis associated with drug abuse. N Engl J Med 1570; 283:
1003—1011.

. McKay JW, Baggenstoss AH, Wollaeger EE. Infarcts of the pancreas. Gastroenterology 1958;

35: 256—267.

. Pellegrini CA, Paloyan D, Acosta JM, Skinner DB. Acute pancreatitis of rare causation. Surg

Gynecol Obst 1977 144: 899—902.

- Reynold JC, Inman RD, Kimberly RP, Chuong JH, Kovacs JE, Walsh MB. Acute pancreatitis

in systemic lupus erythematosus: report of twenty cases and a reviev of the literature. Medicine
1982; 61: 25—32.

. Klar E, Messmer K, Warshaw AL, Herfarth C. Pancreatic ischemia in experimental acute

pancreatitis: mechanism, significance and therapy. Br J Surg 1990; 77: 1205—1210.

. Waldner H. Vascular mechanisms to induce acute pancreatitis. Fur Surg Res 1992; 24 (suppl 1):

62—67.

. Warzecha Z, Dembinski A, Jaworek J, Ceranowicz P, Szlachcic A, Walocha J, Konturek SJ.

Role of sensory nerves in pancreatic secretion and caerulein-induced pancreatitis. J Physiol
Pharmacof 1997, 48: 43-—-58,

. Warzecha Z, Dembinski A, Ceranowicz P, Konturek PC, Stachura J, Konturek SJ, Niemiec J.

Protective effect of calcitonin gene-related peptide against caerulein-induced pancreatitis in
rats. J Physiol Pharmacol 1997; 48: 775—787.

. Kusterer K, Enghofer M, Zendler S, Blochle C, Usadel KH. Microcirculatory changes in

sodium taurocholate-induced pancreatitis in rats. Am J Physiol 1991; 260: G346-G351.

. Gress TM, Arnold R, Adler G. Structural alterations of pancreatic microvasculature in

cerulein-induced pancreatitis in the rat. Res Exp Med 1990; 190: 401—412,

. Warzecha Z, Dembifiski A, Ceranowicz P, Konturck PC, Stachura J, Tomaszewska R,

Konturek SJ. Calcitonin gene-related peptide can attenuate or augment pancreatic damage in
cacrulein-induced pancreatitis in rats. J Physiol Pharmacol 1999; 50: 49—62.

Johnson C. Role of cytokines and their antagonists, in Acute pancreatitis. Novel concepts in
biology and therapy, Biichler MW, Uhl W, Friess H, Malfertheiner P, (eds). Blackwell Science,
Berlin-Vienna, 1999, pp. 71—75.

Yiannacou N. The microvasculature of pancreas in acute pancreatitis, in Advances in
pancreatic disease. Molecular biology, diagnosis and treatment, Dervenis CG (ed). Georg
Thieme Verlag, Stutigart-New York, 1996, pp. 109—113.

Pfeffer RB, Lazzarini-Robertson A, Safadi D, Mixter G, Secoy CF, Hinton JW. Gradation of
pancreatitis, edematous, through hemorrhagic, experimentally produced by controlled injec-
tion of microspheres into blood vessels in dogs. Surgery 1962; 51: 764--769.

Redha F, Uhlschmid G, Ammann RW, Freiburghaus AU. Injection of microspheres into
pancreatic arteries causes hemorrhagic pancreatitis in the rat: a new animal model. Pancreas
1990; 5 188—193.

Thal AP. Studies on pancreatitis. Acute pancreatic necrosis produced experimentally by the
Arthus sensitization reaction. Surgery 1955; 37: 911—917.

Popper HB, Necheles M, Russel KC. Transition of pancreatic oedema into pancreatic necrosis.
Surg Gynecol Obstet 1948; 87 79—R1.

Adams TW, Musselman MM. Pancreatic venous thrombosis as an etiologic lactor in acute
necrotizing pancreatitis. Surg Forum 1953; 4: 401—406.



234

27.

28

29.

31.
32
33
34.

35,

37
38

39

41.

42,

43.
. Norman J, Franz M, Messina J, Riker A, Fabri PJ, Rosemurgy AS, Gower WR jr.

45,

46.

47.

Brazilai A, Ryback BJ, Medina JA, Toth L, Dreiling DA. The morphological changes of the
pancreas in hypovolemic shock and the effect pretreatment with steroids, Inr J Pancrearol 1987;
2 23--32.

Hoffmann TF, Leiderer R, Waldner H, Arbogast 5, Messmer K. Ischemia reperfusion of the
pancreas: a new in vivo medel for acute pancreatitis in rats. Res Exp Med 1995; 195 125—144,
Konturek SJ, Szlachcic A, Dembinski A, Warzecha Z, Jaworek J, Stachura J. Nitric oxide in
pancreatic secretion and hormone-induced pancreatitis in rats. Inr J Pancrearol 1994; 15;
19—28.

. Giles KW, Myers A. An improvement diphenylamine method for the estimation of

deoxyribonucleic acid. Nawre 1965, 206: 93.

Menger MD, Benkhoff H, Vollmar B. Ischemia-reperfusion-induced pancreatic microvascular
injury. An intravital Mluorescence microscopic study in rats. Dig Dis Sei 1996; 41: §23—830.
Warshaw AL. Ischemia- and reperfusion-related injury in pancreatitis. Dig Dis Sci 1996; 41:
821—822.

Grander DN, Korthuis RJ. Physiologic mechanism of postischemic tissue injury. Annu Rev
Physiol 1995; 57 311—332,

Andrews FJ, Malcontenti-Wilson C, O'Brien PE. Protection against gastric ischemia-reperfu-
sion injury by nitric oxide generators. Dig Dis Sei 1994; 39: 366—373.

Kubes P. Ischemia-reperfusion in feline small intestine: a role for nitric oxide. Am J Physiol
1993; 264: G143-G149.

. Weyrich AS, Ma X, Lefer DJ, Albertine KH Lefer AM. In vivo neutralization of P-selectin

protects [eline heart and endothelium in myocardial ischemia and reperfusion injury. J Clin
Invest 1993; 91: 2620—2629.

Pang CH, Forrest CR, Mounsey R. Pharmacological intervention in ischemia-induced
reperfusion injury in the skeletal muscle. Microsurgery 1993; 14 176—182.

Adkins WK, Taylor AE. Role of xanthine oxidase and neutrophils in ischemia-reperfusion
injury in rabbit lung. J Appl Physiol 1990; 69: 2012—2018.

Toyama MT, Lewis MPN, Kusske AM, Reber PU, Ashley SW, Reber HA. I[schemia-
-reperfusion mechanism in acute pancreatitis. Scand J Gastroenterol 1996; 31 (suppl 219)
20—23.

. Kusterer K, Poschmann T, Friedemann A, Enghofer M, Zendler S, Usadel KH. Arterial

constriction, ischemia-reperfusion, and leukocyte adherence in acute pancreatitis. Am J Physiol
1993; 265 G165-G171.

McKay C, Imric CW, Baxter JN. Mononuclear phagocyte activation and acute pancreatitis.
Scand J Gastroenterol 1996; 31 {suppl 219): 32—36.

Norman J, Franz M, Riker A, Fabri PJ, Gower WR. Rapid elevation of systemic cytokines
during acute pancreatitis and their origination within the pancreas. Surg Forum 1994; 45
148—1350.

Dinarello CA. Interleukin-1 and interleukin-1 antagonism. Bipod 1991; 77: 1625-—1652.

Interleukin-1 receptor antagonist decreases severity of experimental acute pancreatitis, Surgery
1995; 117. 648—655.

de Waal MR, Abrams J, Bennett B, Figdor CG, de Vries JE. Interleukin-10 (IL-10) inhibits
cytokine synthesis by human monocytes; an autoregulatory role of IL-10 produced by
monocytes. J Exp Med 1991; 174: 1209—1220.

Moore KW, O'Garra A, de Waal MR, Vieira P, Mosmann TR. Interleukin-10. dnnu Rev
Immunol 1993; 11: 165—190.

Van Laethem JL, Marchant A, Delvaux A, Goldman M, Robberecht P, Velu T, Deviére J.
Interleukin 10 prevents necrosis in murine experimental acute pancreatitis. Gastroenterology
1995; 108: 1917—1922.



48.

49,

50.

51

52,

53

54,

55.

56.

57.

58.

235

Adler G, Hupp T, Kern HF. Course and spontancous regression of acute pancreatitis in the
rat. Virchows Archiv A 1979; 182 31—47.

Dembinski A, Warzecha Z, Konturek PC, Ceranowicz P, Konturek SJ, Tomaszewska R,
Stachura J. Adaptation of pancreas to repeated caerulein-induced pancreatitis in rats. J Physiol
Pharmacol 1996; 47: 455—4467.

Jurkowska G, Dlugosz JW, Rydzewska G, Andrzejewska A. The effect of prostacyclin
analogue-iloprost on the pancreas regeneration after caerulein-induced acute pancreatitis in
rats. J Physiol Pharmacol 1996, 47: 629—640,

Laszik GZ, Berger Z, Pap A, Toth GK, Varrd V. Course of regression of acute interstitial
pancreatitis induced in rats by repeated serial subcutaneous cholecystokinin-octapeptide
injections. fnt J Pancreatol 1989; 5: 347—352.

Lechene de la Porte P, Iovanna J, Qdaira C, Choux R, Sarles H, Berger Z. Involvement of
tubular complexes in pancreatic regeneration after acute necrohemorrhagic pancreatitis.
Pancreas 1991; 6. 298—306.

lovanna JL, Lechene de la Porte P, Dagorn JC. Expression of genes associated with
dedifferentiation and cell proliferation during pancreatic regeneration following acute pancre-
atitis. Pancreas 1992; 6: 712—718.

Iovanna JL. Redifferentiation and apoptosis of pancreatic cells during acute pancreatitis. /n¢
J Pancrearol 1996; 20: 77—84.

Willemer S, Adler G. Histochemical and ultrastructural characteristics of tubular complexes in
human acute pancreatitis. Dig Dis Seci 1989; 34: 46—55.

Bockman DE, Merlino G. Cytological changes in the pancreas of transgenic mice overexpress-
ing transforming growth factor alpha. Gastreenterology 1992; 103: 1883—1893,
Bonner-Weir S, Baxter LA, Schuppin GT, Smith FE. A second pathway for regencration of
adult exocrine and endoctine pancreas. A possible recapitulation of embryonic development.
Diabetes 1993; 42: 1715—1720.

Rosenberg L. In vivo cell transformation: neogenesis of beta cells from pancreatic ductal cells.
Cell Transplant 1995; 4: 371—383.

Received: January 16, 2001
Accepted: April 5, 2001

Author’s address: Artur Dembinski, Department of Physiology, Jagiellonian University School

of Medicine, ul. Grzegorzecka 16, 31—3531 Krakow, Poland phone +48-12-421-10-06,
fax +48-12-421-15-78, e-mail mpdembin(@cyf-kr.edu.pl



