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Abstract

Hepatocyte growth factor (HGF) overexpression is observed in experimental and clinical acute pancreatitis. Moreover, previous studies

have shown that administration of HGF reduces pancreatic damage in experimental pancreatitis. The aim of our studies was to determine the

role of cyclooxygenase-1 and cyclooxygenase-2 in the protective effect of HGF administration against caerulein-induced pancreatitis. Acute

pancreatitis was induced in rats by infusion of caerulein. HGF was administered twice at the dose 10 Ag/kg s.c. The activity of

cyclooxygenase-1 and cyclooxygenase-2 was inhibited by resveratrol and rofecoxib, respectively (10 mg/kg). Immediately after cessation of

caerulein or saline infusion, pancreatic blood flow, pancreatic cell proliferation, pancreatic prostaglandin E2 generation, plasma lipase

activity, plasma interleukin-1h and interleukin-10 concentration were measured and morphological signs of pancreatitis were examined.

Expression of cyclooxygenase-1 and cyclooxygenase-2 mRNA transcripts was determined by reverse transcriptase-polymerase chain

reaction (RT-PCR). Cyclooxygenase protein production was analyzed by Western blot. Administration of HGF or caerulein alone, or their

combination, was without effect on cyclooxygenase-1 mRNA expression in pancreatic tissue. Expression of cyclooxygenase-2 mRNA was

increased by HGF and caerulein. The maximal increase in cyclooxygenase-2 mRNA expression was observed when HGF administration was

combined with caerulein infusion. A similar effect was observed when we studied the influence of HGF and caerulein on pancreatic

cyclooxygenase-2 production, as determined by Western blot. Administration of HGF without induction of acute pancreatitis increased

pancreatic prostaglandin E2 generation and plasma interleukin-10, and this effect was abolished by the cyclooxygenase-2 inhibitor, rofecoxib.

Treatment with HGF, during the development of pancreatitis, increased the plasma interleukin-10 concentration and attenuated pancreatic

damage, as evidenced by: (a) histological improvement of pancreatic integrity; (b) the partial reversal of the decrease in DNA synthesis and

pancreatic blood flow; (c) the reduction in pancreatitis-evoked increase in plasma lipase and interleukin-1h. Administration of resveratrol and

rofecoxib alone was without effect on the development of pancreatitis. Combination of rofecoxib with HGF reduced the HGF-evoked

increase in plasma interleukin-10 concentration and pancreatic prostaglandin E2 generation, and abolished the protective effect of HGF

against pancreatic damage in pancreatitis. Resveratrol did not affect the protective effect of HGF. We conclude that: (1) HGF induces

cyclooxygenase-2 but not cyclooxygenase-1 expression; (2) inhibition of cyclooxygenase-2 in HGF-treated rats decreases the release of anti-

inflammatory interleukin-10, increases the production of pro-inflammatory interleukin-1h and reduces pancreatic blood flow; (3)

cyclooxygenase-2 activity is necessary for the protective effect of HGF in acute pancreatitis.
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1. Introduction neighboring epithelial cells, acting as a paracrine effector
Hepatocyte growth factor (HGF), also known as scatter

factor (Furlong et al., 1991), is secreted by cells of meso-

dermal origin and binds to the c-Met/HGF receptor on
0014-2999/$ - see front matter D 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.ejphar.2003.12.015

* Corresponding author. Tel.: +48-12-4211006; fax: +48-12-4211578.

E-mail address: mpdembin@cyf-kr.edu.pl (A. Dembiński).
in mesenchymal–epithelial interactions (Gherardi and

Stocker, 1991). HGF plays an important role in organogen-

esis. This peptide is involved, among others, in the forma-

tion of liver, lung, muscle, teeth, mammary gland and neural

tissue (Schmidt et al., 1995; Sun et al., 1999; Funakoshi and

Nakamura, 2003). HGF is the most potent mitogen for

hepatocytes (Matsumoto and Nakamura, 1992), renal tubu-
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lar epithelial cells (Matsumoto and Nakamura, 1992), epi-

dermal keratocytes (Matsumoto et al., 1991) and endothelial

cells (Bussolino et al., 1992). HGF is implicated in the

regeneration and protection of various organs, including the

liver, lung, stomach, heart, kidney and the brain (Nakamura,

1991; Matsumoto and Nakamura, 1997; Brzozowski et al.,

2001; Miyazawa et al., 1998).

HGF is considered a potent mitogen for normal human

pancreas cells (Vila et al., 1995) and pancreatic carcinoma

cells (Kiehne et al., 1997). Increased levels of HGF have

been found in patients with acute pancreatitis, and the

increase in serum HGF level reflects the clinical severity

of the pancreatitis and organ dysfunction (Ueda et al., 1996;

Ueda et al., 1997). Also in experimental pancreatitis, an

increase in plasma HGF level (Ueda et al., 2000) and tissue

HGF overexpression are observed (Ueda et al., 2000;

Menke et al., 1999). Administration of antibodies that

neutralize HGF aggravates the organ dysfunction and

increases apoptosis in the course of acute pancreatitis (Ueda

et al., 2000). Administration of recombinant HGF attenuates

the pancreatic damage occurring in the course of experi-

mental pancreatitis and this effect seems to be related to the

increase in the production of interleukin-10, to a decrease in

the release of interleukin-1h and to an improvement in

pancreatic blood flow (Warzecha et al., 2001b).

Cyclooxygenase, the key enzyme of prostaglandin syn-

thesis, exists in two isoforms, cyclooxygenase-1 and cyclo-

oxygenase-2 (Smith et al., 1996). Cyclooxygenase-1 is

constitutively expressed in most tissues and has been

suggested to mediate the synthesis of prostaglandins re-

quired for physiological functions and the maintenance of

organ integrity. Cyclooxygenase-2 is undetected in most

tissues under normal conditions, but is highly inducible by

cytokines, mitogens and endotoxins, and is responsible for

the increased production of prostaglandins during inflam-

mation (Masferrer et al., 1994; Smith et al., 1996). Early

studies have shown that inhibition of cyclooxygenases

activity by nonselective nonsteroidal anti-inflammatory

drugs (NSAIDs) leads to gastric ulcers and delays healing

of the gastric mucosa (Konturek et al., 1981; Wang et al.,

1989). The concept was developed that the maintenance of

mucosal integrity in the gastrointestinal tract depends ex-

clusively on cyclooxygenase-1 activity without a contribu-

tion of cyclooxygenase-2, and that the ulcerogenic effects of

NSAIDs are an effect of cyclooxygenase-1 inhibition

(Peskar, 2001). Recent studies, however, indicate that both

cyclooxygenases contribute to gastric mucosal defence.

Overexpression of cyclooxygenase-2 has been demonstrated

at the ulcer edge during the healing of experimental gastric

ulcers, and inhibition of cyclooxygenase-2 activity by

selective NSAID delays ulcer healing (Mizuno et al., 1997).

In the stomach, there is also evidence that growth factors

such as HGF or gastrin can induce prostaglandin synthesis

through the up-regulation of cyclooxygenase-2 (Jones et al.,

1999; Brzozowski et al., 2000, 2001; Komori et al., 2002),

and inhibition of cyclooxygenase-2 activity abolishes the
beneficial effect of HGF on gastric ulcer healing (Brzozow-

ski et al., 2001). The effect of HGF on cyclooxygenase

expression in the pancreas has not been studied. The aim of

present study was to determine whether HGF or induction of

acute pancreatitis increases the expression of cyclooxyge-

nases mRNA and the production of cyclooxygenase-2

protein in the pancreas. We also attempted to explore the

role of cyclooxygenase-1 and cyclooxygenase-2 activity in

the protective effect of HGF on the pancreas during the

development of acute pancreatitis.
2. Materials and methods

2.1. Animals and treatment

Studies were performed on male Wistar rats weighing

200–220 g and were conducted following the experimental

protocol approved by the Committee for Research and

Animal Ethics of Jagiellonian University. Animals were

housed in cages with wire mesh bottoms, with normal room

temperature and a 12-h light–dark cycle.

The following experimental groups were used (10 ani-

mals in each group): (1) animals infused with 0.9% NaCl

s.c. for 5 h (control); (2) animals infused with 0.9% NaCl

s.c. for 5 h and treated twice with HGF (the first injection 30

min prior to saline infusion and the second injection 3 h later,

10 Ag/kg s.c. per injection); (3) animals infused with 0.9%

NaCl s.c. for 5 h and treated with the cyclooxygenase-1

inhibitor, resveratrol (Cayman Chemicals, Ann Arbor, MI,

USA, 10 mg/kg i.g. 1 h before saline infusion); (4) animals

infused with 0.9% NaCl s.c. for 5 h and treated with the

cyclooxygenase-2 inhibitor, rofecoxib (Vioxx, Merc Sharpk

and Dohme Idea, Glattbrugg, Switzerland, 10 mg/kg i.g. 1

h before saline infusion); (5) animals with caerulein-induced

pancreatitis; (6) animals with caerulein-induced pancreatitis

and treated twice with HGF (the first injection 30 min prior

to caerulein infusion and the second injection 3 h later, 10

Ag/kg s.c. per injection); (7) animals with caerulein-induced

pancreatitis and treated with resveratrol (10 mg/kg i.g. 1

h before caerulein infusion); (8) animals with caerulein-

induced pancreatitis and treated with rofecoxib (10 mg/kg

i.g. 1 h before caerulein infusion); (9) animals with caer-

ulein-induced pancreatitis and treated with resveratrol and

HGF at the time and doses as above; (10) animals with

caerulein-induced pancreatitis and treated with rofecoxib

and HGF at the time and doses as above.

Human recombinant HGF purified from culture fluids

from transformed Chinese hamster ovary (CHO) cells was

obtained from Biomedical Research Center, Osaka Univer-

sity Medical School, Osaka, Japan.

Acute pancreatitis was induced by caerulein infusion in

rats kept in individual cages. Caerulein (Takus, Pharmacia

and Upjohn, Erlangen, Germany) was diluted in saline and

infused s.c. for 5 h at 10 Ag/kg/h. Animals were killed after

5 h of saline or caerulein infusion.
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2.2. Determination of pancreatic blood flow

After 5 h saline or caerulein infusion, animals were

anesthetized with ketamine (50 mg/kg i.p., Bioketan, Bio-

wet, Gorzów, Poland) and the abdomen was opened. The

pancreas was exposed for the measurement of pancreatic

blood flow by laser Doppler flowmeter using PeriFlux 4001

Master monitor (Perimed, Järfälla, Sweden), as described

previously (Konturek et al., 1994). Pancreatic blood flow

was measured in five different portions of the pancreas. The

area of laser emission of the probe was about 1 mm2, while

the depth of measurement reached about 3 mm. Data are

presented as percent change from control value obtained in

rats infused with saline.

2.3. Determination of plasma amylase and lipase activity,

and plasma interleukin concentration

Immediately after measurement of pancreatic blood flow,

the abdominal aorta was exposed and blood was taken for

determination of plasma lipase, interleukin-1h and interleu-

kin-10. Plasma lipase activity was determined with a Kodak

Ectachem DT II System analyzer (Eastman Kodak, Roches-

ter, NY, USA) using Lipa DT Slides (Vitros DT Chemistry

System, Johnson and Johnson Clinical Diagnostic, Roches-

ter, NY, USA). Plasma lipase activity is expressed as units/

liter (U/l). Plasma interleukin-1h and interleukin-10 were

measured in duplicate, using appropriate BioSource

Cytoscreen rat kits based on a solid phase sandwich en-

zyme-linked immunosorbent assay (ELISA) (BioSource

International, Camarillo, CA, USA). The concentration of

interleukins was determined from standard curves for re-

combinant interleukin-1h or interleukin-10, respectively.

Plasma interleukin concentration is expressed as pg/ml.

2.4. Reverse transcriptase-polymerase chain reaction for

detection of mRNA for cyclooxygenase-1, cyclooxygenase-2

and b-actin

After the collection of blood samples, the pancreas was

dissected out and divided into samples for analysis of

pancreatic mRNA, pancreatic protein, measurement of pan-

creatic DNA synthesis and histological examination. Sam-

ples of pancreatic tissue for transcriptase-polymerase chain

reaction (RT-PCR) were snap-frozen in liquid nitrogen, and

then stored at � 80 jC until the time of RNA extraction.

Total RNA was extracted from samples by the method of

Chomczynski and Sacchi (1987), using extraction kit from

Stratagene (Heidelberg, Germany). Following precipitation,

RNAwas resuspended in RNAse-free water and its concen-

tration was estimated by absorbance at 260 nm wavelength.

RNA samples were stored at � 80 jC until analysis.

Single-stranded cDNA was generated from 5 Ag of total

cellular RNA using StrataScript reverse transcriptase (Stra-

tagene) and oligo-(dT)-primers (Stratagene). Briefly, 5 Ag of

total RNA was uncoiled by heating (65 jC for 5 min) and
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then reverse transcribed into complementary DNA (cDNA)

in a 50-Al reaction mixture that contained 50U Moloney

murine leukemia virus reverse transcriptase (MMLV-RT),

0.3 Ag oligo-(dT)-primer, 1 Al RNAse Block Ribonuclease

Inhibitor (40 U/Al), 2 Al of a 100 mM mixture of deoxy-

adenosine triphosphate (dATP), deoxyribothymidine tri-

phosphate (dTTP), deoxyguanosine triphosphate (dGTP)

and deoxycytidine triphosphate (dCTP), 5 Al 10� RT

buffer (10 mM Tris–HCl, pH = 8.3, 50 mM KCl, 5 mM

MgCl2). The resultant cDNA (2 Al) was amplified in a 50-

Al reaction volume containing 2 U Taq polymerase, 200 AM
(each) dNTP (Pharmacia, Germany), 1.5 mM MgCl2, 5

Al 10� polymerase chain reaction buffer (50 AM KCl, 10

AM Tris–HCl, pH = 8.3) and specific primers used at a final

concentration of 0.5 AM. The polymerase chain reaction

mixture was amplified in a DNA thermal cycler (Perkin-

Elmer-Cetus, Norwalk, CT). The cyclooxygenase-1 primer

sequences were: sense, 5V-AGC CCC TCA TTC ACC CAT

TT-3V, and antisense, 3V-CAC GGA CGC CTG TTC TAC

GG-5V; the expected length of the product was 561 bp. The

cyclooxygenase-2 primer sequences were: sense, 5V-ACA
ACA TTC CCT TCC TTC-3V, and antisense, 3V-CCT TAT

TTC CTT TCA CAC C-5V; the expected length of the

product was 201 bp. The h-actin primer sequences were:

sense, 5V-TTG TAA CCA ACT GGG ACG ATA TGG-3V,
and antisense, 3V-GAT CTT GAT CTT CAT GGT GCT

AGG-5V; the expected length of the product was 764 bp.

The nucleotide sequences of the primers for cyclooxyge-

nase-1, cyclooxygenase-2 and h-actin were based on the

sequences of the published cDNAs (Xie et al., 1991;

Kennedy et al., 1993; O’Banion et al., 1992). The primers

were synthesized by GIBCO BRL/Life Technologies

(Eggenstein, Germany). Polymerase chain reaction products

were detected by electrophoresis on a 1.5% agarose gel

containing ethidium bromide. Location of a predicted prod-

uct was confirmed by using a 100-bp ladder (Takara, Shiga,

Japan) as a standard size marker. Expression of the product

was quantified using a video image system (Kodak, USA).

The polymerase chain reaction product signal was standard-

ized against the h-actin signal for each sample and

expressed as cyclooxygenase-1 and cyclooxygenase-2/h-
actin ratio.

2.5. Protein extraction and analysis of cyclooxygenase-2

expression in pancreatic tissue by Western blot

Shock-frozen tissue from rat pancreas was homogenized

in lysis buffer (100 mM Tris–HCl, pH 7.4, 15% glycerol, 2

mM EDTA, 2% sodium dodecyl sulfate (SDS), 100 mM

D,L-dithiothreitol) by the addition of 1:20 dilution of

aprotinin and 1:50 dilution of 100 mM phenylmethylsul-

fonyl fluoride. Insoluble material was removed by centri-

fugation at 12000� g for 15 min. Approximately 50 Ag of

the total protein extract was loaded on SDS-polyacrylamide

gels and run 40 mA, followed by transfer on nitrocellulose

membrane (Protran, Schleicher and Schuell, Germany) by
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electroblotting. Bovine serum albumin (3%w/v) (Sigma

Aldrich, Germany) in Tris-buffered saline (TBS)-Tween-

20 buffer (137 mmol NaCl, 20 mmol Tris–HCl, pH 7.4,

0.1% Tween-20) was used to block filters for at least 1 h at

room temperature. Specific primary antibody against cyclo-

oxygenase-2 (rabbit polyclonal, 1:200 dilution; Santa Cruz,

USA) or h-actin (mouse monoclonal, dilution 1:5000;

Sigma Aldrich) was added to the membrane, followed by

an antirabbit-immunoglobulin G (IgG) or antimouse IgG

horseradish peroxidase-conjugated secondary antibody (di-

lution 1:20000; Promega, WI, USA) dissolved in 1%

nonfat milk in TBS-Tween-20 buffer. Incubation of prima-

ry antibody was followed by three washes with TBS-

Tween-20 buffer for 10 min. Incubation of the secondary

antibody was followed by five washes for 10 min. Immu-

nocomplexes were detected by the SuperSignal West Pico

Chemiluminescent Kit (Pierce, USA). Thereafter, the de-

veloped membrane was exposed to an X-ray film (Kodak,

Wiesbaden, Germany). Comparison between different treat-

ment groups was made by determining the cyclooxyge-

nase-2 protein/h-actin ratio of the immunoreactive area by

densitometry.

2.6. Determination of pancreatic DNA synthesis

The rate of DNA synthesis in samples of pancreatic

tissue was determined as described previously (Warzecha

et al., 1999a). Briefly, the minced pancreatic tissue was

incubated at 37 jC for 45 min in 2 ml of medium containing

8 ACi /ml of [3H]thymidine ([6-3H]thymidine, 20–30 Ci/

mmol; Institute for Research, Production and Application of

Radioisotopes, Prague, Czech Republic). DNA concentra-

tion was determined by the Giles and Myers (1965) proce-

dure. The incorporation of [3H]thymidine into DNA was

measured by counting DNA containing solution in a liquid

scintillation system. DNA synthesis is expressed as [3H]thy-

midine disintegrations per minute per microgram DNA

(dpm/Ag DNA).

2.7. Determination of pancreatic prostaglandin E2

generation

The samples of fresh pancreatic tissue (weighing about

50 mg) were placed in Eppendorf vials with 1 ml of Tris

buffer (50 mM, pH 9.5), minced with scissors for 15 s,

washed and centrifuged for 10 s. The pellets were resus-

pended in 1 ml of Tris buffer and each sample was

incubated on a Vortex mixer for 1 min and centrifuged for

15 s. The supernatant was transferred to a second Eppendorf

vial containing indomethacin (10 mM) to block any further

generation of prostaglandins, and kept at � 80 jC until the

radioimmunoassay (RIA). The DNA content in the pellet

was determined by the Giles and Myers (1965) procedure.

Finally, the prostaglandin E2 content in the supernatant was

measured in duplicate using Prostaglandin E2 [
125I] RIA kit

(NENk Life Science Products, Boston, MA, USA). The
capacity of pancreatic tissue to generate prostaglandin E2 is

expressed in nanograms of prostaglandin E2 per milligram

of pancreatic DNA (ng/mg DNA).

2.8. Histological examination

Samples of pancreatic tissue for histological examination

were fixed in 10% formalin, embedded in paraffin and

sections were sliced and stained with hematoxylin and

eosin. Slides were examined by two experienced patholo-

gists without knowledge of the treatment given (four slides

per animal). The histological grading of edema was made

using our scale ranging from 0 to 3: 0 = no edema, 1 = in-

terlobular edema, 2 = interlobular and moderate intralobular

edema, and 3 = severe interlobular and intralobular edema.

Hemorrhage was graded: 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. Leukocyte infiltration was graded: 0 = absent, 1 =scare

perivascular infiltration, 2 = moderate perivascular and

scare diffuse infiltration, 3 = abundant diffuse infiltration.

Acinar necrosis was graded: 0 = absent, 1 = less than 15%

of cells involved, 2 = from 15% to 35% of cells involved,

3 =more than 35% of cells involved. Grading of vacuoli-

zation was based on the percentage of cells involved:

0 = absent, 1 = less than 25%, 2 = 25–50% and 3 =more

than 50%.

2.9. Statistical analysis

Comparison of the differences between the mean values

of various groups of experiments was made by analysis of

variance 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 (F S.E.M.).
3. Results

3.1. Pancreatic expression of cyclooxygenase-1 and cyclo-

oxygenase-2 mRNA by reverse transcriptase-polymerase

chain reaction and cyclooxygenase-2 protein synthesis by

Western blot

As shown in Fig. 1, cyclooxygenase-1 mRNA was

detected in the pancreas of all groups of animals. Ad-

ministration of HGF, caerulein-induced pancreatitis and

their combination were without significant effect on cyclo-

oxygenase-1 mRNA expression in pancreatic tissue.

The pancreatic expression of cyclooxygenase-2 mRNA

in the control saline-treated group was weak and the ratio

of cyclooxygenase-2/h-actin mRNA reached a value

0.13F 0.02 (Fig. 2). Administration of HGF and induction

of acute pancreatitis caused a significant increase in the

pancreatic expression of cyclooxygenase-2 mRNA and the

ratio of cyclooxygenase-2/h-actin mRNA reached 0.84F
0.06 and 0.52F 0.04, respectively. The maximal increase



Fig. 1. Determination of cyclooxygenase-1 mRNA (A) and h-actin mRNA

(B) by RT-PCR, and the ratio of cyclooxygenase-1 mRNA over h-actin
mRNA (C) in pancreatic tissue of control animals (lane 1), animals with

caerulein-induced pancreatitis (line 2), animals with caerulein-induced

pancreatitis and treated with HGF (line 3), and animals treated with HGF

without induction of acute pancreatitis (line 4).

Fig. 2. Determination of cyclooxygenase-2 mRNA (A) and h-actin mRNA

(B) by RT-PCR, and the ratio of cyclooxygenase-2 mRNA over h-actin
mRNA (C) in pancreatic tissue from control animals (lane 1), animals with

caerulein-induced pancreatitis (line 2), animals with caerulein-induced

pancreatitis and treated with HGF (line 3), and animals treated with HGF

without induction of acute pancreatitis (line 4). The ratio of COX-2 mRNA

over h-actin mRNA is expressed as the meanF S.E.M. aP< 0.05 compared

to control (intact pancreas).
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in pancreatic cyclooxygenase-2 mRNA expression was

observed when treatment with HGF was combined with

caerulein-induced pancreatitis: the cyclooxygenase-2/h-ac-
tin ratio reached a value 1.19F 0.13.

Fig. 3 shows the effect of acute pancreatitis and treat-

ment with HGF on the production of cyclooxygenase-2

protein in the pancreatic tissue. In control animals with an

intact pancreas, the synthesis of cyclooxygenase-2 protein

was weak and the ratio of cyclooxygenase-2 protein over h-
actin protein reached a value 0.16F 0.01. Induction of

acute pancreatitis and treatment with HGF significantly

increased the ratio of cyclooxygenase-2 protein over h-
actin protein in pancreatic tissue. The highest ratio of

cyclooxygenase-2 protein to h-actin protein in pancreatic

tissue was observed in animals with acute pancreatitis given

HGF.

3.2. Effect of HGF, resveratrol, rofecoxib and caerulein

administration on pancreatic generation of prostaglandin E2

In saline-infused control rats, the pancreatic generation of

prostaglandin E2 reached 18.9F 1.7 ng/mg DNA (Fig. 4).
Treatment with resveratrol alone slightly, but significantly,

reduced pancreatic prostaglandin E2 generation, whereas

rofecoxib alone did not affect pancreatic prostaglandin E2

generation in animals infused with saline. Treatment with

HGF or induction of pancreatitis by caerulein significantly

increased pancreatic prostaglandin E2 generation. Adminis-

tration of HGF combined with caerulein infusion caused a

maximal increase in prostaglandin E2 generation in the

pancreas, reaching a value of 60.7F 5.2 ng/mg DNA.

Administration of resveratrol did not significantly affect

pancreatic prostaglandin E2 generation in animals treated

with caerulein or with the combination of caerulein and

HGF. In contrast, pretreatment with rofecoxib significantly

reduced pancreatic prostaglandin E2 generation in animals

treated with caerulein alone or with the combination of HGF

plus caerulein.

3.3. Effect of HGF administration and inhibition of

cyclooxygenase-1 and cyclooxygenase-2 on the biochemical

parameters of acute pancreatitis

Plasma lipase activity in control saline-infused rats

reached 60.0F 4.0 U/l (Fig. 5). Administration of HGF,



Fig. 3. Representative Western blot analysis of cyclooxygenase-2 protein

(A) and h-actin protein (B), and the ratio of cyclooxygenase-2 protein over

h-actin protein (C) in pancreatic tissue of control animals (lane 1), animals

with caerulein-induced pancreatitis (line 2), animals with caerulein-induced

pancreatitis and treated with HGF (line 3), and animals treated with HGF

without induction of acute pancreatitis (line 4). The ratio of COX-2 protein

over h-actin protein is expressed as the meanF S.E.M. aP< 0.05 compared

to control (intact pancreas).
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the cyclooxygenase-1 inhibitor-resveratrol or the cycloox-

ygenase-2 inhibitor-rofecoxib did not affect plasma lipase

activity in rats infused with saline. Infusion with caerulein

for 5 h increased plasma lipase activity by 625%, when

compared with that of saline-infused control rats. Treatment

with HGF markedly reduced the caerulein-evoked increase

in plasma lipase activity by 37%. Resveratrol and rofecoxib
Fig. 4. Effect of HGF, resveratrol (RES) rofecoxib (ROF) and caerulein applie

MeanF S.E.M. aP < 0.05 compared with saline-infused control, bP < 0.05 compare

plus caerulein.
given alone did not affect plasma lipase activity in animals

with caerulein-induced pancreatitis. Pretreatment with

resveratrol was without effect on the HGF-evoked decrease

in plasma lipase activity in animals with acute pancreatitis.

In contrast, pretreatment with rofecoxib abolished the HGF-

evoked reduction in plasma lipase activity in animals with

caerulein-induced pancreatitis.

In control rats infused with saline, the plasma interleukin-

1h concentration was 72.0F 6.0 pg/ml (Fig. 6). Treatment

with HGF, resveratrol or rofecoxib was without effect on the

plasma interleukin-1h level in saline-infused rats. Caerulein

caused a three-fold increase in plasma interleukin-1h con-

centration and this increase was significantly diminished by

HGF. Resveratrol given alone or in combination with HGF

was without effect on the caerulein-evoked increase in

plasma interleukin-1h concentration. Rofecoxib given alone

was without effect on caerulein-evoked increase in plasma

interleukin-1h concentration, but administration of rofe-

coxib in combination with HGF significantly reversed the

HGF-evoked decrease in plasma interleukin-1h concentra-

tion in animals with caerulein-induced pancreatitis.

In control rats, the plasma interleukin-10 level reached

67.5F 6.5 pg/ml (Fig. 7). Infusion of caerulein for 5 h did

not significantly affect the plasma interleukin-10 concentra-

tion. Treatment with HGF increased the plasma concentra-

tion of interleukin-10 in rats infused with saline and in those

infused with caerulein. In rats without caerulein-induced

pancreatitis, this effect was more pronounced. Administra-

tion of resveratrol or rofecoxib alone to saline or caerulein-

treated animals was without effect on the plasma interleu-

kin-10 concentration. Also, pretreatment with resveratrol

did not affect the plasma interleukin-10 concentration in

animals treated with HGF plus caerulein. In animals treated
d alone or in combination on pancreatic generation of prostaglandin E2.

d with caerulein given alone, cP < 0.05 compared with combination of HGF



Fig. 5. Effect of HGF, resveratrol (RES) rofecoxib (ROF) and caerulein applied alone or in combination on plasma lipase activity. MeanF S.E.M. aP < 0.05

compared with saline-infused control, bP < 0.05 compared with caerulein given alone, cP < 0.05 compared with combination of HGF plus caerulein.
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with a combination of HGF and caerulein, administration of

rofecoxib abolished the HGF-evoked increase in plasma

interleukin-10 concentration.

In saline-infused control rats, pancreatic DNA synthesis

reached 60.6F 2.8 dpm/Ag DNA (Fig. 8). Treatment with

HGF, resveratrol or rofecoxib alone did not affect pancre-

atic DNA synthesis in animals infused with saline. In

animals with caerulein-induced pancreatitis, pancreatic

DNA synthesis was reduced, reaching 33.2F 1.3 dpm/Ag
Fig. 6. Effect of HGF, resveratrol (RES) rofecoxib (ROF) and caerulein ap

MeanF S.E.M. aP < 0.05 compared with saline-infused control, bP < 0.05 compare

plus caerulein.
DNA. In rats infused with caerulein, administration of HGF

significantly attenuated the reduction in pancreatic DNA

synthesis. Resveratrol and rofecoxib given alone did not

affect pancreatic DNA synthesis in animals given a caer-

ulein infusion. Also, pretreatment with resveratrol was

without effect on pancreatic DNA synthesis in animals

treated with a combination of HGF and caerulein. In

contrast, in animals treated with HGF plus caerulein,

pretreatment with rofecoxib reduced pancreatic DNA syn-
plied alone or in combination on plasma interleukin-1h concentration.

d with caerulein given alone, cP< 0.05 compared with combination of HGF



Fig. 7. Effect of HGF, resveratrol (RES) rofecoxib (ROF) and caerulein applied alone or in combination on plasma interleukin-10 concentration.

MeanF S.E.M. aP < 0.05 compared with saline-infused control, bP < 0.05 compared with caerulein given alone, cP < 0.05 compared with combination of HGF

plus caerulein.
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thesis to the level observed in animals with caerulein-

induced pancreatitis not given HGF.

3.4. Effect of HGF administration, inhibition of cyclo-

oxygenase-1 and cyclooxygenase-2, and caerulein infusion

on pancreatic blood flow

Treatment with HGF, resveratrol or rofecoxib did not

affect pancreatic blood flow in animals infused with saline
Fig. 8. Effect of HGF, resveratrol (RES) rofecoxib (ROF) and caerulein applie
aP < 0.05 compared with saline-infused control, bP< 0.05 compared with caerulein
(Fig. 9). Infusion of caerulein for 5 h reduced pancreatic

blood flow by 60% when compared to that of saline-infused

control animals. In rats given a caerulein infusion, adminis-

tration of HGF significantly reversed the caerulein-induced

fall in pancreatic blood flow. Resveratrol or rofecoxib given

alone was without effect on pancreatic blood flow in animals

with caerulein-induced pancreatitis. In contrast, rofecoxib

abolished the HGF-induced improvement in pancreatic blood

flow in animals infused with caerulein.
d alone or in combination on pancreatic DNA synthesis. MeanF S.E.M.

given alone, cP < 0.05 compared with combination of HGF plus caerulein.



Fig. 9. Effect of HGF, resveratrol (RES) rofecoxib (ROF) and caerulein applied alone or in combination on pancreatic blood flow. MeanF S.E.M. aP < 0.05
b ven alone, cP < 0.05 compared with combination of HGF plus caerulein.
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3.5. Morphological features of pancreatic tissue

The pancreas of saline-infused animals showed macro-

scopically and at light microscopic level no tissue alteration

(Table 1). Also treatment with HGF, resveratrol or rofecoxib

in saline-infused animals did not affect pancreatic tissue

morphology. Infusion with caerulein caused acute edematous

pancreatitis in all rats tested (Table 1). The pancreas was

grossly swollen and enlarged with a visible collection of

edematous fluid. At light microscopic level, interlobular and

moderate intralobular edema was accompanied by moderate

perivascular and scare diffuse inflammatory leukocyte infil-

tration. Vacuolization in half of the cases was observed in

25–50% of acinar cells; in the remaining cases, vacuolization

was found in more than 50% of acinar cells. Treatment with

HGF before and during caerulein infusion reduced the

caerulein-evoked pancreatic damage. Treatment with HGF

compared with saline-infused control, P < 0.05 compared with caerulein gi
Table 1

Examination of pancreatic tissue of animals treated with HGF, resveratrol, rofeco

Histology

Edema (0–3) Hemorrhages

(0–3)

Control 0 0

HGF 0 0

Resveratrol 0 0

Rofecoxib 0 0

Caerulein 2 0

HGF+ caerulein 1/2 0

Resveratrol + caerulein 2 0

Rofecoxib + caerulein 2 0

Resveratrol +HGF+ caerulein 1/2 0

Rofecoxib +HGF+ caerulein 2 0

Numbers represent the predominant histological grading in each group.
caused a reduction in pancreatic edema, inflammatory infil-

tration and vacuolization of acinar cells. Administration of

resveratrol or rofecoxib alone was without effect on caer-

ulein-evoked damage. In animals treated with the combina-

tion of HGF and caerulein, administration of rofecoxib

abolished the beneficial effect of HGF. Pancreatic damage

was similar to that in animals treated with caerulein alone

(Table 1).
4. Discussion

Previous studies have shown that growth factors such as

epidermal growth factor (EGF) (Warzecha et al., 1999b;

Dembiński et al., 2000), basic fibroblast growth factor

(bFGF) (Hosokawa et al., 2000) or insulin-like growth

factor-1 (IGF-1) (Dembiński et al., 2002; Warzecha et al.,
xib or caerulein alone or in combination

Inflammatory

infiltration (0–3)

Vacuolization

(0–3)

Necrosis

(0–3)

0 0 0

0 0 0

0 0 0

0 0 0

2 2/3 0

1 2 0

1 2/3 0

2 2/3 0

1 2 0

2 2/3 0
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2003) have protective and therapeutic effects in the course

of acute pancreatitis. Also, HGF has been shown to atten-

uate pancreatic damage in the course of acute pancreatitis

(Warzecha et al., 2001b). Our present study confirms and

extends previous findings. Administration of HGF reduced

pancreatic tissue damage and plasma lipase activity. These

effects were associated with a reduction in plasma interleu-

kin-1h concentration, an increase in plasma interleukin-10

concentration and an improvement in pancreatic blood flow.

Interleukin-1h is a well-known mediator of acute inflam-

mation and plays a crucial role in the release of other

members of pro-inflammatory cytokine cascade (King-

snorth, 1997). In acute pancreatitis, interleukin-1h and other

pro-inflammatory cytokines, such as interleukin-6 and tu-

mor necrosis factor-a (TNF-a), are produced within the

pancreas and subsequently within distant organs, which

become dysfunctional during severe pancreatitis (Norman

et al., 1997). Pro-inflammatory cytokines are responsible for

local pancreatic injury and the development of systemic

inflammatory response syndrome and multiple organ failure

(Frossard and Past, 2002), and the level of pro-inflammatory

cytokines is correlated with the severity of acute pancreatitis

(Norman et al., 1997). Experimental study has shown that

blockade of interleukin-1h by naturally occurring receptor

antagonist prevents the rise in serum interleukin-6 and

tumor necrosis factor-a level, and decreases pancreatic

damage in experimental acute pancreatitis (Norman et al.,

1995). These observations are in agreement with our present

data and partly explain the mechanism of protective activity

of HGF on the pancreas. Treatment with HGF reduced the

leukocyte infiltration of pancreatic tissue and the production

of interleukin-1h, leading to a reduction of pancreatic

damage.

The new finding of our present study is that the devel-

opment of acute pancreatitis, as well as administration of

HGF, causes an increase in the expression of cyclooxyge-

nase-2 mRNA and production of cyclooxygenase-2 protein

in pancreatic tissue. In contrast, both above factors were

without effect on the pancreatic expression of cyclooxyge-

nase-1 mRNA. This finding suggests the involvement of

cyclooxygenase-2 and cyclooxygenase-2-derived prosta-

glandins in the protective effects of HGF in the pancreas.

This concept is supported by studies performed by Robert et

al. (1989) and Buscail et al. (1990). They found that

administration of prostaglandins reduces pancreatic damage

in experimental caerulein-induced pancreatitis. Also in other

organs, cyclooxygenase-2 and cyclooxygenase-2-derived

prostaglandins are involved in the maintenance of tissue

integrity. Blockade of cyclooxygenase-2 by selective non-

steroidal anti-inflammatory drugs delays the healing of

experimental gastric ulcers (Halter et al., 2001) and inhibits

liver regeneration (Rudnick et al., 2001) and bone fracture

healing (Simon et al., 2002).

There are some reports that inhibition of cyclooxygenase-

2 activity reduces the severity of acute experimental pancre-

atitis. Studies performed by Song et al. (2002) and Ethridge
et al. (2002) with mice have shown that pharmacological

inhibition of cyclooxygenase-2 or cyclooxygenase-2 gene

disruption ameliorates the severity of pancreatitis and pan-

creatitis-associated lung injury. In contrast, in the rat model

of pancreatitis, Foitzik et al. (2003) have found some

beneficial systemic effects of cyclooxygenase-2 inhibition

in acute pancreatitis, such as an improvement of renal and

respiratory function, but they have not observed any signif-

icant effect of cyclooxygenase-2 inhibition on histological

score of pancreatic damage or plasma level of trypsinogen

activation peptides. Similar effects were observed by us in

our present study. In animals not given HGF, pretreatment

with refecoxib before administration of caerulein tended to

reduce the plasma level of pro-inflammatory interleukin-1h
and plasma lipase activity, but these results were not statis-

tically significant. Also, a study performed by Jaworek et al.

(2002) has shown a lack of significant effect of cyclo-

oxygenase-2 inhibitor applied alone on pancreatic damage

in the rat model of acute pancreatitis. The reason for the

difference between the potent protective effect of cyclo-

oxygenase-2 inhibition against pancreatic damage in the

mouse model of acute pancreatitis and the weak effect in

the rat model of acute pancreatitis is unclear. There may be

differences in the role of cyclooxygenase-2 activity in the

development of inflammation in the two species.

The important finding of the present study is that

blockade of cyclooxygenase-2 activity by rofecoxib abol-

ished the protective effect of HGF on the pancreas during

acute pancreatitis, leading to an increase in pancreatic

damage, plasma lipase activity, and pro-inflammatory in-

terleukin-1h, and a decrease in pancreatic DNA synthesis,

pancreatic blood flow and plasma interleukin-10. Interleu-

kin-10 is a major anti-inflammatory cytokine. This inter-

leukin reduces the activation of macrophages and inhibits

the production of pro-inflammatory cytokines (De Waal et

al., 1991) and reactive oxygen species (Moore et al.,

1993). In the course of acute pancreatitis, interleukin-10

plays a role in the self-defense mechanism, limiting the

intensity of the inflammatory process (Dembiński et al.,

2001) and the increase in interleukin-10 level is a conse-

quence of an increase in interleukin-1h. Administration of

IL-10 before and during induction of acute pancreatitis

decreases the severity of pancreatitis (Van Laethem et al.,

1995). In our present study, treatment with HGF-1 in-

creased the pancreatic generation of prostaglandin E2 and

the plasma interleukin-10 concentration in animals infused

with saline, as well as in animals infused with caerulein or

the combination of caerulein plus resveratrol. In animals

treated with HGF in combination with caerulein and

rofecoxib, the pancreatic generation of prostaglandin E2

was strongly reduced and the plasma interleukin-10 con-

centration reached the same value as in animals not

administered HGF. This observation indicates that cyclo-

oxygenase-2 and cyclooxygenase-2-derived prostaglandins

are involved in the HGF-induced increase in plasma

interleukin-10 concentration.



Z. Warzecha et al. / European Journal of Pharmacology 486 (2004) 107–119 117
Pancreatic microvascular failure and pancreatic ischemia

may be a primary cause of clinical (Fernandez-Cruz et al.,

1993; Sakorafas et al., 1998; Lonardo et al., 1999) and

experimental acute pancreatitis (Menger and Vollmar, 1999;

Dembiński et al., 2001), but an early disturbance of pan-

creatic circulation is also observed in acute pancreatitis

caused by other nonvascular factors (Kusterer et al., 1991;

Menger and Vollmar, 1999; Warzecha et al., 1997). The

severity of experimental pancreatitis is closely correlated

with tissue ischemia (Knoefel et al., 1994). An additional

reduction in pancreatic circulation aggravates pancreatic

damage during acute pancreatitis (Furukawa et al., 1993;

Klar et al., 1990; Dembiński et al., 1996), whereas vasodi-

latation and an improvement of pancreatic blood flow have

been found to reduce the development of acute pancreatitis

(Klar et al., 1990; Warzecha et al., 2001a). In our present

study, treatment with HGF caused an increase in the

pancreatic generation of prostaglandin E2 and led to a partial

reversal of the pancreatitis-induced decrease in pancreatic

blood flow, whereas inhibition of cyclooxygenase-2 activity

by rofecoxib abolished the pancreatic generation of prosta-

glandin E2 and decreased pancreatic blood flow to a level

observed in animals with caerulein-induced pancreatitis and

not administered HGF. This effect indicates that an increase

in cyclooxygenase-2 activity is involved in the improvement

of pancreatic microcirculation produced by HGF in acute

pancreatitis. This is a rapid effect, and for this reason, it

seems to be due to a direct vasodilating effect of cyclo-

oxygenase-2-derived prostaglandins. Long-lasting inhibi-

tion of cyclooxygenase-2 activity has been shown to

exhibit the anti-angiogenic effect during tissue regeneration

(Guo et al., 2002).

Previous studies (Abe et al., 1995; Jaworek et al., 2002)

have shown that pretreatment with a low dose of bacterial

lipopolysaccharide (a component of the bacterial cell wall)

protects the pancreas from the injury produced by caerulein

overstimulation. The protective effect of lipopolysaccharide

administration involves, among others, induction of cyclo-

oxygenase-2 expression, generation of prostaglandin E2 and

improvement of pancreatic blood flow; and the inhibition of

cyclooxygenase-2 abolishes this protective effect of lipo-

polysaccharide administration on the pancreas (Jaworek et

al., 2002). This observation suggests that the protective

effect of HGF and of lipopolysaccharide is based on the

same mechanism.

In summary, we have demonstrated that HGF adminis-

tration and induction of acute pancreatitis induce cyclo-

oxygenase-2 expression without affecting cyclooxygenase-1

expression. Also, we found that cyclooxygenase-2 activity

is necessary, but is not sufficient, for the protective effect of

HGF on the pancreas during the development of acute

caerulein-induced pancreatitis. Inhibition of cyclooxyge-

nase-2 activity abolishes the beneficial effect of HGF, such

as the increased release of anti-inflammatory interleukin-10,

the decreased production of pro-inflammatory inflammato-

ry-1h and the improvement of pancreatic blood flow.
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Warzecha, Z., Dembiński, A., Ceranowicz, P., Konturek, S.J., Tomaszew-

ska, R., Stachura, J., Konturek, P.C., 2003. IGF-1 stimulates production

of interleukin-10 and inhibits development of caerulein-induced pan-

creatitis. J. Physiol. Pharmacol. 54, 575–590.

Xie, W.L., Chipman, J.G., Robertson, D.L., Erikson, R.L., Simmons, D.L.,

1991. Expression of a mitogen-responsive gene encoding prostaglandin

synthase is regulated by mRNA splicing. Proc. Natl. Acad Sci. USA 88,

2692–2696.


	Inhibition of cyclooxygenase-2 reduces the protective effect of hepatocyte growth factor in experimental pancreatitis
	Introduction
	Materials and methods
	Animals and treatment
	Determination of pancreatic blood flow
	Determination of plasma amylase and lipase activity, and plasma interleukin concentration
	Reverse transcriptase-polymerase chain reaction for detection of mRNA for cyclooxygenase-1, cyclooxygenase-2 and beta-actin
	Protein extraction and analysis of cyclooxygenase-2 expression in pancreatic tissue by Western blot
	Determination of pancreatic DNA synthesis
	Determination of pancreatic prostaglandin E2 generation
	Histological examination
	Statistical analysis

	Results
	Pancreatic expression of cyclooxygenase-1 and cyclooxygenase-2 mRNA by reverse transcriptase-polymerase chain reaction and cyclooxygenase-2 protein synthesis by Western blot
	Effect of HGF, resveratrol, rofecoxib and caerulein administration on pancreatic generation of prostaglandin E2
	Effect of HGF administration and inhibition of cyclooxygenase-1 and cyclooxygenase-2 on the biochemical parameters of acute pancreatitis
	Effect of HGF administration, inhibition of cyclooxygenase-1 and cyclooxygenase-2, and caerulein infusion on pancreatic blood flow
	Morphological features of pancreatic tissue

	Discussion
	References


