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Camostat mesilate (CM), an oral protease inhibitor, has been used clinically for the treatment of chronic
pancreatitis in Japan. However, the mechanism by which it operates has not been fully understood. Our aim
was to evaluate the therapeutic efficacy of CM in the experimental pancreatic fibrosis model induced by
dibutyltin dichloride (DBTC), and we also determined the effect of CM on isolated monocytes and panceatic
stellate cells (PSCs). In vivo, chronic pancreatitis was induced in male Lewis rats by single administration of
7mg/kg DBTC and a special diet containing 1mg/g CM was fed to the DBTCþCM-treated group from day 7,
while the DBTC-treated group rats were fed a standard diet. At days 0, 7, 14 and 28, the severity of pancreatitis
and fibrosis was examined histologically and enzymologically in both groups. In vitro, monocytes were isolated
from the spleen of a Lewis rat, and activated with lipopolysaccharide stimulation. Thereafter, the effect of CM on
monocyte chemoattractant protein-1 (MCP-1) and tumor necrosis factor-a (TNF-a) production from monocytes
was examined. Subsequently, cultured rat PSCs were exposed to CM and tested to see whether their
proliferation, MCP-1 production and procollagen a1 messenger RNA expression was influenced by CM. In vivo,
the oral administration of CM inhibited inflammation, cytokines expression and fibrosis in the pancreas. The in
vitro study revealed that CM inhibited both MCP-1 and TNF-a production from monocytes, and proliferation and
MCP-1 production from PSCs. However, procollagen a1 expression in PSCs was not influenced by CM. These
results suggest that CM attenuated DBTC-induced rat pancreatic fibrosis via inhibition of monocytes and PSCs
activity.
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Chronic pancreatitis, an irreversible inflammatory
disease of the pancreas, is characterized by chronic
inflammatory cell infiltration, acinar cell degenera-
tion and development of fibrosis, which lead to
impairment of pancreatic exocrine and endocrine
function. Although many studies were designed to
elucidate the pathophysiology of chronic pancreati-
tis, the pathobiochemical and molecular mechan-
isms are still unknown. Recently, a rat model of
pancreatitis induced by dibutyltin dichloride
(DBTC) was reported by Sparmann et al.1 Thereafter

we succeeded in creating a DBTC pancreatitis model
with some minor improvements, and demonstrated
that this model can be considered as an appropriate
model of chronic pancreatitis histologically and
enzymologically in our previous study.2 Progressive
pancreatic fibrosis accompanied by inflammatory
cell infiltration can be observed after a single
intravenous administration of DBTC, and a strong
expression of monocyte chemoattractant protein-1
(MCP-1), a family of C–C chemokine, is observed
after induction of pancreatitis. Therefore we con-
cluded that MCP-1 plays an important role in the
development of pancreatic fibrosis in this model.
Furthermore, previous reports have suggested that
excessive infiltration of monocytes was also immu-
nohistochemically confirmed in pancreatic tissue
from chronic pancreatitis patients,3 and that a strong
expression of MCP-1 messenger RNA (mRNA) was
shown to exist in centroacinar ducts, endothelia,
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fibroblasts, macrophages and T cells in pancreatic
lobuli with mild to moderate chronic pancreatitis.4

On the other hand, since pancreatic stellate cells
(PSCs) were identified and characterized in 1998,5,6

increasing evidence has suggested that PSCs play a
central role in the development of pancreatic
fibrosis. Once PSCs are activated, they transform
into a myofibroblastic phenotype and express a-
smooth muscle actin (a-SMA). Activated PSCs exist
in the fibrotic area of pancreatic tissue of both
human chronic pancreatitis and rat experimental
model7 in response to various mediators derived
from conventional or recruited cells. Transforming
growth factor-b1 (TGF-b1) activates PSCs and accel-
erates their synthesis of the extracellular matrix,
while platelet-derived growth factor (PDGF) signifi-
cantly stimulates their proliferation.8 Since acti-
vated PSCs synthesize the majority of the
extracellular matrix, including collagen types I and
III or fibronectin during fibrogenesis of the pan-
creas,5,6 inhibition of activation, proliferation or
collagen synthesis of PSCs will provide beneficial
effects in the treatment of chronic pancreatitis.

At present, a major component of the conservative
treatment of chronic pancreatitis centers on manage-
ment of complications.9 However, camostat mesilate
(CM), an oral protease inhibitor, has been used
clinically for the treatment of pancreatitis10 and
reflux esophagitis after gastrectomy11 in Japan. The
pharmacological effect of CM on chronic pancreati-
tis has been explained by inhibition of serine
proteases,12 especially trypsin, because activation
of trypsinogen in the pancreas is considered to be a
trigger reaction in the development of pancreatitis.13

Although the clinical benefits of CM have been
proved in hospitals, the mechanism by which it
operates has not been fully understood.

The aim of this study was to examine (1) the effect
of CM treatment on rat chronic pancreatitis induced
by DBTC in vivo, (2) the effect of CM on MCP-1 and
tumor necrosis factor-a (TNF-a) production by
isolated rat monocytes in vitro and (3) the effect of
CM on proliferation, MCP-1 production and col-
lagen synthesis in cultured rat PSCs in vitro.

Materials and methods

Materials

CM was kindly supplied by Ono Pharmaceutical
CO. (Osaka, Japan). For animal experiments, CM
powder was mixed at 1mg/g into CE-2 basal diet
(Clea, Tokyo, Japan). Reagents were purchased from
the following sources: DBTC from Schering AG
(Berlin, Germany); Triton X-100 from ICN Pharma-
ceuticals, K.K. (Tokyo, Japan); hexadecyltrimethy-
lammonium bromide (HTAB), fetal calf serum (FCS),
bovine serum albumin (BSA), lipopolysaccharide
(LPS; from Escherichia coli, 0111:B4), a-chymo-
trypsin, hyaluronidase, trypsin/EDTA from Sigma
Chemical CO. (St Louis, MO, USA); 3,30,5,50-tetra-

methylbenzidine (TMB) from Dojindo Laboratories
(Kumamoto, Japan); N,N-dimethylformamide from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan);
Ficoll-Paque Plus from Amersham Biosciences
Corp. (Piscataway, NJ, USA); RPMI 1640 medium,
McCoy’s 5A medium, Ham’s F-12-DMEM medium
from Invitrogen Corp. (Carlsbad, CA, USA);
collagenase S-1 from Nitta Gelatin Inc. (Osaka,
Japan).

Protocol of Animal Experiments

Male Lewis rats (KBT Oriental, Saga, Japan) weigh-
ing 190–220 g were used in these experiments.
Throughout the study, the rats were maintained in
accordance with the guidelines of the Committee on
Animal Care of Kyushu University. Chronic pan-
creatitis was induced by a single intravenous
administration of DBTC as described previously.2

Briefly, DBTC was first dissolved in ethanol (one
part) and then mixed with glycerol (two parts) and
dimethyl sulfoxide (two parts). The DBTC solution
was injected into the right jugular vein with a
syringe at a dose of 7mg/kg body weight. The
animals were allowed free access to water and
standard laboratory feed and body weight and food
intake were monitored. At day 7, five rats were
killed and the remaining rats were divided into two
groups randomly, a DBTC-induced pancreatitis
group (DBTC-treated group) and a DBTC pancreati-
tis treated with CM group (DBTCþCM-treated
group). The protocol of animal experiments is
shown in Figure 1. The DBTCþCM-treated group
was fed a diet containing CM at 1mg/g and the
DBTC-treated group was fed a standard diet con-
tinuously. At days 14 and 28 after administration of
DBTC, five rats from each group were anesthetized
by intraperitoneal injection of sodium pentobarbital
and the abdominal cavities were opened by a
midline incision and bled from the inferior vena
cava. After the animals were killed, pancreas were
quickly removed, freed from fat and lymph nodes
and weighed. Thereafter, the tissues were divided

Figure 1 Experimental design. Chronic pancreatitis was induced
in male Lewis rats by single administration of 7mg/kg DBTC at
day 0. At day 7, five rats were killed and the remaining rats were
divided into two groups randomly, a DBTC-treated group and a
DBTCþCM-treated group. The DBTCþCM-treated group was fed
a special diet containing CM at 1mg/g from day 7, while the
DBTC-treated group was fed a standard diet continuously. At days
14 and 28, five rats of each group were killed and used for assay.
Five normal Lewis rats without DBTC injections were killed and
used for control (as on day 0).
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into five parts. The first part (head) was fixed in 20%
formalin and used for light microscopic and histo-
chemical analyses. The second part (body) was
homogenized in 9 vol of 50mM Tris-HCl buffer (pH
8.0) containing 0.5% Triton X-100 as described
previously.2 The supernatants of homogenates were
used for the assay of protein and MCP-1 concentra-
tion. The third part (body) was homogenized in 5ml
saline using a Polytron (Kinematica, Luzern, Swit-
zerland) for 1min. The homogenates were used for
the hydroxyproline assay. The fourth part (body)
was homogenized in 5ml/g of 0.5% HTAB buffer
(0.5% HTAB in 50mM phosphate buffer, pH 6.0) in
the same manner, plus three freeze–thaw manipula-
tions after sonification (Sonifier; Branson, Danbury,
CT, USA). The supernatants of the homogenates
were assayed for myeloperoxidase (MPO) activity.
The fifth part (tail) was immediately frozen in
liquid nitrogen and used for reverse-transcription
polymerase chain reaction. Also five normal male
Lewis rats of about 200 g weight were killed not
having had DBTC injections and were used as
control (as on day 0).

Assay

Protein content was determined by the method
described by Lowry et al.14 MPO activity was
assessed by H2O2-dependent oxidation of 3,30,5,50-
TMB as described previously.15 Briefly, the reaction
mixture for MPO consisted of 50 ml of each homo-
genate, 1.6mM TMB, 0.3mM H2O2, 80mM sodium
phosphate buffer (pH 5.4), 8% N,N-dimethylforma-
mide and 40% PBS in a total volume of 500 ml. After
the reaction mixture was incubated at 371C for
3min, 1750 ml of 200mM sodium acetate buffer (pH
3.0) was added, and absorbance at 655nm was
measured by spectrophotometry (U-3000; Hitachi,
Tokyo, Japan). Results are expressed as a relative
activity and normalized to the average of control
samples. Hydroxyproline was measured by a mod-
ified method according to Weidenbach et al.16 MCP-
1 in serum and in pancreatic tissue were assayed
using the commercial rat MCP-1 enzyme-linked
immunosorbant assay (ELISA) kit (Immuno-Biologi-
cal Laboratories, Gunma, Japan) according to the
manufacturer’s instructions.

Immunostaining for ED-1 and a-SMA

In preparation for immunostaining, paraffin sections
of the pancreas were rehydrated and washed twice
in PBS for 5min. Sections were incubated with
0.3% H2O2 for 30min to block endogenous perox-
idases and washed. To prevent nonspecific binding
of antibodies, sections were incubated with 10%
normal goat serum for 30min at room temperature.
For ED-1 immunostaining, sections were then
incubated with monoclonal mouse anti-rat ED-1
IgG (Serotec, Hokkaido, Japan) diluted to 1:200 in

PBS in a humid chamber at 41C overnight. After
further washes, sections were incubated with His-
tofine Simple Stain PO (Nichirei, Tokyo, Japan),
which is a labeled polymer prepared by combining
amino-acid polymers with peroxidase and goat anti-
mouse Ig, which are reduced to Fab0 for 30min at
room temperature. After three washes in PBS,
chromogen/substrate reagent was applied according
to the manufacturer’s instructions. Sections were
then counterstained in hematoxylin and mounted in
nonaqueous mounting solution. For a-SMA staining,
paraffin sections of the pancreas were prepared as
described above and then incubated with mouse
monoclonal anti-a-SMA antibody (Dako, Kyoto,
Japan) diluted to 1:100 at 41C overnight. Sections
were incubated with biotinylated rabbit anti-mouse
immunoglobulin antibody (Dako, Kyoto, Japan)
diluted to 1:500 for 30min followed by peroxidase-
conjugated streptavidin diluted to 1:500 for 30min.
Finally, color was developed by incubating the
sections for 5min with diaminobenzidine, counter-
stained in hematoxylin and mounted in a similar
manner.

Reverse-Transcription Polymerase Chain Reaction
(RT-PCR)

Total RNAwas isolated from pancreatic tissue by the
guanidium thiocyanate–phenol method as described
previously.17 Extracted RNA was quantified by
spectrophotometry, and 1% agarose–formaldehyde
gel electrophoresis confirmed its integrity. For RT-
PCR, 1 mg of total RNA was reverse-transcribed into
complementary DNA (cDNA) using Rever Tra Ace-a
(Toyobo, Osaka, Japan) according to the manufac-
turer’s instructions. To examine a-SMA, procollagen
a1 and TGF-b1 expression in PSCs, total RNA was
extracted from cultured rat PSCs using the commer-
cial RNA extraction reagent ISOGEN (Nippon Gene,
Tokyo, Japan). First-strand cDNA was synthesized
from 5mg of total RNA using the Superscript First-
strand Synthesis System for RT-PCR (Invitrogen
Corp., Carlsbad, CA, USA). For PCR amplification,
the following oligonucleotide primers were used:

MCP-1 sense 50-ACTATGCAGGTCTCTGTCACG-30,
antisense 50-AAGTGCTTGAGGTGGTTGTGG-30 (417bp);
TGF-b1 sense 50-CTTCAGCTCCACAGAGAAGAA

CTGC-30,
antisense 50-CACGATCATGTTGGACAACTGCTCC-

30 (289 bp);
PDGF-BB sense 50-GAAGCCAGTCTTCAAGAAGGC

CAC-30,
antisense 50-AACGGTCACCCGAGTTTGAGGTGT-30

(148 bp);
IL-1b sense 50-GTGTGATGTTCCCATTAGACAGC-30,
antisense 50-TGAGAGGTGCTGATGTACCAGTT-30

(383 bp);
IL-6 sense 50-CCTTCCCTACTTCACAAGTC-30,
antisense 50-GGATGGTCTTGGTCCTTAGC-30 (501bp);
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GAPDH sense 50-TCCATGACAACTTTGGCATCGT
GG-30,

antisense 50-GTTGCTGTTGAAGTCACAGGAGAC-30

(377 bp).

Oligonucleotide-specific conditions were as
follows: MCP-1, 30 cycles, Ta 581C; TGF-b1, 32
cycles, Ta 561C; PDGF-BB, 34 cycles, Ta 621C;
IL-1b, 32 cycles, Ta 591C; IL-6, 32 cycles, Ta 561C;
GAPDH, 30 cycles, Ta 601C. For all reactions, final
extension was performed for 5min. And for PCR
amplification for PSC, the following primers were
used:

a-SMA sense 50-TGTGCTGGACTCTGGAGATG-30,
antisense 50-GATCACCTGCCCATCAGG-30 (292 bp);
procollagen a1 sense 50-ACAGCACGCTTGTGGAT-30,
antisense 50-GTCTTCAAGCAAGAGGACCA-30 (469bp);
TGF-b sense 50-CGGACTACTACGCCAAAGAA-30,
antisense 50-TCAAAAGACAGCCACTCAGG-30 (295bp);
GAPDH sense 50-GGAGGCCATGTAGGCCATGAGG

TC-30,
antisense 50-GGAGGCCATGTAGGCCATGAGGTC-30

(295 bp).

Oligonucleotide-specific conditions were as
follows: a-SMA, 20 cycles, Ta 621C; procollagen a1,
25 cycles, Ta 601C; TGF-b, 30 cycles, Ta 601C;
GAPDH, 25 cycles, Ta 601C. The PCR products were
electrophoresed on 1.5% agarose gels, stained with
ethidium bromide, and then photographed under
UV illumination. The intensity of the bands was
analyzed using the image analysis software NIH
image version 1.62 (National Institutes of Health,
Bethesda, MD, USA).

Isolation of Rat Monocytes and Production of
Conditioned Media

Mononuclear cells were isolated from the spleen of a
normal male Lewis rat by a modification of the
method described previously.18 Normal male Lewis
rats weighing 200–250 g were killed and the spleen
was excised. After having been washed three times
in PBS, the spleen was minced in PBS (pH 7.2)
containing 2mM EDTA and 0.5% BSA. Thereafter,
minced spleen was filtered through 50-mm nylon
mesh and centrifuged for 10min at 300 g at 41C.
After the cell pellet was resuspended in PBS with
2mM EDTA and 0.5% BSA, the cell suspension was
layered on top of Ficoll-Paque Plus density gradient
and centrifuged for 30min at 3000 rpm at 41C.
Mononuclear cells were collected from a hazy band
just above the interface of the Ficoll solution and the
aqueous buffer. The isolated cells were washed
twice and resuspended in RPMI 1640 containing
10% FCS. The cells were counted and the viability
was assessed by trypan blue. After cell density was
adjusted to 1� 106 mononuclear cells/ml, the cells
were seeded in 96-well plates and maintained in

RPMI 1640 with 10% FCS at 371C in a humidified
5% CO2 environment for 2 h.

Monocytes mainly composed of macrophages
adhered during this incubation period. After 2 h,
nonadherent cells were removed and adhered
monocytes were washed with serum-free RPMI
1640 three times. Thereafter the cells were exposed
to LPS and CM dissolved in RPMI 1640 with 10%
FCS. Finally, each well contained 300 ml culture
medium, and the concentration of LPS was 10 or
100ng/ml, and CM was 0, 50, 500 mM or 2mM. After
incubation for 24 h at 371C, conditioned media were
collected and centrifuged for 10min at 3000 rpm to
remove cell debris. The media were assayed for
MCP-1 and TNF-a using the rat MCP-1 ELISA kit
(Immuno-Biological Laboratories Co. LTD, Gunma,
Japan) and the rat TNF-a ELISA kit (Biosource,
Camarillo, CA, USA). The operation for each
condition was performed in quadruplicate culture
wells.

PSC Isolation and Culture

PSCs were isolated from normal male Lewis rats
weighing 250–350 g by a modification of the method
described previously.8 Briefly, after the animal was
killed the pancreas was rapidly removed and freed
from fat, vessels and lymph nodes. Thereafter, the
pancreas was washed twice in PBS and McCoy’s 5A
medium (6ml) containing 200U collagenase S-1 was
injected into the parenchyma of the pancreas with a
27-gauge needle. The injected pancreas was shaken
in a 25ml Erlenmeyer flask for 20min at 371C after
having added 6ml freshly prepared McCoy’s 5A
medium with 200U collagenase S-1. Excess medium
was withdrawn and 6ml McCoy’s 5A medium
containing 2mM EDTA was added followed by
incubation with shaking for another 3min at 371C
three times. After washed three times in McCoy’s 5A
medium, a second digestion was performed using
6ml McCoy’s 5A medium with 200U collagenase S-
1, 2mg a-chymotrypsin, 5mg hyaluronidase and
20ml DNase for 20min at 371C. Dispersion was
accomplished by up-and-down suction through
cannulas with decreasing diameters. The digested
tissue was filtered through 100-mm nylon mesh and
the filtrate was placed on top of 12ml McCoy’s 5A
medium with 24mg BSA and centrifuged for 5min
at 380 g. Thereafter, supernatant was removed, and
the cell pellet was resuspended in Ham’s F-12-
DMEM (1:1, vol/vol) with 10% FCS. This cell
suspension was layered on top of a Percoll-McCoy’s
5A medium (7.5:2.5, vol/vol) density gradient and
centrifuged for another 5min at 180 g. Once cen-
trifuged, cells were collected from the top of the
gradient, washed, suspended in Ham’s F-12-DMEM
with 10% FCS and seeded in 10 cm dishes. Freshly
isolated PSCs showed the fat-storing phenotype
with fat droplets located in the perinuclear region.
Within 4–8 days in primary culture, PSCs lost their
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fat droplets and developed cytoplasmic extensions.
After passage, 495% of the cells showed positive
staining for a-SMA.

PSCs Proliferation Assay

Cultured rat PSCs (passages three) were adjusted
to a density of 2� 103/well in 96-well plates and
incubated with Ham’s F-12-DMEM containing
10% FCS for 24h. Thereafter, the culture medium
was changed to a freshly prepared medium con-
taining CM at 0, 0.5, 1.0 or 2.0mM with 5% FCS.
The medium was changed everyday each contain-
ing the same amount of CM. At 72h after incubation,
cell proliferation was assessed by MTT assay
(CellTiter non-radioactive cell proliferation assay;
Promega, Madison, WI, USA) according to the
manufacturer’s instructions. The assay for each
condition was conducted in 10 independent
culture wells.

Preparation of Conditioned Media of PSCs for MCP-1
Assay

Cultured rat PSCs (passages three) were seeded in
96-well plates at the density of 1� 105/well. After
the cells were incubated for 6 h in the presence of
0.1% FCS, the cells were stimulated with LPS (0 or
100ng/ml), and treated with various amounts of CM
(0, 0.5, 1.0 or 2.0mM) at the same time. After PSCs
were incubated with reagents for 24 h at 371C, the
media was collected, and MCP-1 levels in the
supernatants were measured using the rat MCP-1
ELISA kit.

Analysis of mRNA Expression in PSCs

Cultured rat PSCs (passages five) were seeded
in 10 cm dishes with Ham’s F-12-DMEM contain-
ing 10% FCS and 2.0mM CM at day 0. The medium
was changed daily to a freshly prepared medium
containing an equal amount of CM. At days 1, 3
and 5, total RNA was extracted and RT-PCR was
performed as described formerly. Before the
treatment of CM, total RNA was extracted from
untreated PSCs and used for control (shown as
day 0).

Analyses of TGF-b Release from PSCs by ELISA,
Matrix Metalloproteinases (MMPs) Secretion by
Gelatin Zymography and a-SMA Expression by
Western Blotting

Cultured rat PSCs (passages three) were seeded
equally in 10 cm dishes and incubated for 24 h in
serum-free medium containing 0, 0.5, 1.0 or 2.0mM
CM. Thereafter, conditioned media were collected
and centrifuged to remove cells and debris. A part of
supernatants were assayed for TGF-b using the TGF-

b ELISA kit (Biosource, Camarillo, CA, USA). The
remaining of supernatants were concentrated using
a centrifugal filter device with a molecular weight
limit of 30 kDa (Amicon Ultra-15; Millipore corpora-
tion, Bedford, MA, USA) at 5000 g for 20min. This
technique resulted in a 30-fold concentration
of the PSC secretion. Each 12 ml of the concentrated
media was assayed for MMPs activity using a
commercial gelatin zymography kit (Gelatin
Zymo electrophoretic kit; Yagai, Yamagata, Japan)
according to the manufacturer’s instructions.
Cells were homogenated in lysis buffer containing
50mM Tris-HCl, 2% sodium dodecyl sulfate (SDS)
and protease inhibitor cocktail tablet (Complete,
Mini; Roche Applied Science, Penzberg, Germany)
1 tablet for 10ml. After centrifuged for 10min
at 12 000 rpm, supernatants were collected. Each
10 and 20mg of protein from the supernatants
was electrophoresed through 12.5% SDS polyacry-
lamide gel (Bio-Rad, Hercules, CA, USA) and
transfered to a Hybond-P (Amersham Biosciences
Corp., Piscataway, NJ, USA). The membrane was
incubated with primary antibody against a-SMA
(clone1A4; Sigma-aldrich, St Louis, MO, USA) at a
dilution of 1:2000 at 41C overnight. After incubation
with HRP-labeled biotin rabbit anti-mouse IgG
(Zymed Laboratories Inc., South San Francisco,
CA, USA) for 1h, proteins were visualized using
an ECL kit (Amersham Biosciences Corp., Piscat-
away, NJ, USA).

Statistical Analysis

Differences between experimental goups were eval-
uated by Student’s t-test. A P-value of less than 0.05
was considered statistically significant.

Results

CM Improved Physical Findings and Pancreatic
Exocrine Function of Rat Chronic Pancreatitis
Induced by DBTC

Chronic pancreatitis was induced in male Lewis rats
by single administration of 7mg/kg DBTC at day 0,
and a special diet containing 1mg/g CM was fed to
the DBTCþCM-treated group from day 7 (Figure 1).
Throughout the experiment, body weight and food
intake of all rats were monitored (Table 1). During
the first 7 days after administration of DBTC, an
acute interstitial pancreatitis can be observed histo-
logically.2 In this acute phase, the rats demonstrated
evidence of significant illness including ruffled fur,
loss of activity and jaundice in their tails. The food
intake and body weight decreased due to acute
pancreatitis during this period in both groups.
Thereafter, body weight increased gradually follow-
ing recovery of food intake, and there was no
significant difference in body weight between both
groups throughout the entire experimental period.
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Although the DBTCþCM-treated group was fed
a diet containing 0.1% CM after day 7, there was
no significant difference in food intake between
both groups until day 14. The pancreas wet
weight had not changed in the DBTC-treated
group at days 14 and 28. However, it increased
markedly in the DBTCþCM-treated group. The
ratio of pancreas wet weight (g)/body weight
(kg) in each group at the time of killing was
calculated to evaluate for a corrected pancreatic
volume. As previously reported, the ratio of
pancreas wet weight to whole body weight in this
model increased until day 3 because of acute
inflammation and edema of the pancreas but started
to decrease from day 7 representing progression of
pancreatic atrophy.2 In the DBTC-treated group,
atrophy of the pancreas progressed throughout the
experiment, whereas the weight of pancreas in-
creased notably in the DBTCþCM-treated group
(Figure 2a).

To evaluate the pancreatic exocrine function,
protein content corrected by pancreatic volume
was examined (Figure 2b). In the DBTC-treated
group, the intrapancreatic protein content signifi-
cantly decreased to 60% at day 14 and to 47% at day
28, reflecting marked injury of the pancreatic
exocrine gland. In contrast, the protein content
improved to 86% of control rats at day 14 and to
95% at day 28 in the DBTCþCM-treated group.

CM Attenuated Inflammation and Microscopic
Findings in DBTC Pancreatitis Model

Microscopic findings and MPO activity in pancrea-
tic tissue are shown in Figure 3. After the single
intravenous administration of DBTC, extensive
infiltration of inflammatory cells, including neutro-
philic granulocytes or mononuclear cells, was
observed and the exocrine gland of the pancreas
was injured notably at day 7 (Figure 3b). Slight
interstitial edema still remained at day 7. At day 14,
inflammation remained and an extracellular matrix

began to deposit mainly from the interlobular space
in the DBTC-treated group (Figure 3c). The presence
of an elevated number of monocytes and fibroblasts
should be noted. Although slight inflammation
remained mainly around the biliopancreatic duct
at day 14, the infiltration of inflammatory cells and
the damage of exocrine glands were attenuated
markedly in the DBTCþCM-treated group at same
time point (Figure 3d). In the DBTC-treated group,
pancreatic fibrosis in intra- and interlobular space
progressed to the end of the experiment and
remarkable infiltration of mononuclear cells was
observed at day 28 (Figure 3e). However, the
degeneration and disappearance of acinar cells
was notably inhibited and the lobular structure
recovered in the DBTCþCM-treated group at
day 28 (Figure 3f). Infiltration of monocytes was
notably suppressed and the deposition of connec-
tive tissue was barely evident in the DBTCþCM-
treated group.

MPO activity in the pancreatic tissue was exam-
ined to evaluate neutrophils infiltration. In the
DBTC-treated group, MPO activity increased mark-
edly at day 7 (23 times more than control) reflecting
acute inflammation in the pancreas and decreased
gradually after day 7 (nine times at day 14 and seven
times at day 28 vs control). However, the level of
MPO activity was at a lower level in the
DBTCþCM-treated group, and there were signifi-
cant differences between both groups at days 14 and
28 (Figure 3g).

CM Prevented Fibrosis and Activation of PSCs In Vivo

Azan staining revealed increasing collagen deposi-
tion in the pancreas in the DBTC-treated group and
peaked at day 28 (Figure 4a). In the DBTCþCM-
treated group, fibrosis of the pancreas was markedly
inhibited compared to the DBTC-treated group at
day 28 (Figure 4b). Immunostaining for a-SMA
was performed to identify the activated PSCs. In
the DBTC-treated group, it revealed a marked

Table 1 Mean body weight, food intake, and pancreas wet weight in each group

Treatment Body wt (g) Food intake (g/day) Pancreas wet wt (g)

At day 0 At day 7 At day 14 At day 28 Day 0–7 Day 7–14 Day 14–28 At day 14 At day 28

Control 19577.7
DBTC 20577.5 189714.1 191746.5 271738.1 6.772.1 11.872.5 15.871.7* 0.7870.20* 0.8170.13*
DBTC+CM 20275.1 190719.5 224735.9 297721.8 7.172.8 13.372.2 22.070.6* 1.4670.18* 2.4970.42*

Chronic pancreatitis was induced by a single intravenous administration of 7mg/kg DBTC at day 0. At day 7, five rats were killed and the
remaining rats were divided into two groups randomly, a DBTC-treated group and a DBTC+CM-treated group. From day 7, the DBTC+CM-treated
group was fed a special diet containing 1mg/kg CM, while the DBTC-treated group was fed a standard diet continuously. Body weight and food
intake of all rats were recorded daily during experimental period. Thereafter, five rats from each group were killed at days 14 and 28. After killing,
pancreas was quickly removed, freed from fat and lymph nodes, and weighed (pancreas wet weight). Five normal male Lewis rats were killed at
day 0 for the control group. Each value represents means7s.e. *Significant differences (Po0.05) for the DBTC-treated group vs the DBTC+CM-
treated group.
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proliferation of a-SMA-positive cells in the fibrous
area of the pancreas at day 28 (Figure 4c). However,
there were few a-SMA-positive cells in the
DBTCþCM-treated group at day 28 except for
vascular smooth muscle cells (Figure 4d). For
quantitative analysis of collagen deposition, the
hydroxyproline content in homogenate of the pan-
creas was examined (Figure 4e). Hydroxyproline
content in the pancreas increased significantly in
the DBTC-treated group at day 14 and showed
further increase at day 28. However, increase of
hydroxyproline content was notably suppressed in
the DBTCþCM-treated group.

CM Inhibited Monocytes Infiltration and MCP-1
Expression in Serum and in Pancreatic Tissue In Vivo

Immunostaining for ED-1 revealed marked infiltra-
tion of monocytes/macrophages in the pancreas in
the DBTC-treated group at day 28 (Figure 5a).
However, the number of cells stained positively for
ED-1 was much lower in the DBTCþCM-treated
group (Figure 5b).

MCP-1 protein expression proved to be enhanced
in serum and in pancreatic tissue during chronic
pancreatitis induced by DBTC, and we previously
demonstrated that MCP-1 plays a role in fibrogen-
esis in this pancreatitis model.2 Therefore, the MCP-
1 protein concentration in serum and in homoge-
nates of pancreatic tissue was examined with
ELISA. MCP-1 protein in serum and in pancreatic
tissue markedly increased at day 7 and a high
concentration of MCP-1 continued throughout the
experimental period in the DBTC-treated group.
However, the enhancement of MCP-1 expression
was suppressed significantly in the DBTCþCM-
treated group, and there were significant differences
between both groups at days 14 and 28 (Figure 5c, d).

To investigate mRNA expression of cytokines,
total RNA was extracted from pancreatic tissue and
RT-PCR was performed. The results of RT-PCR
showed that strong mRNA expression of MCP-1 in
pancreatic tissue peaked at day 7. In the DBTC-
treated group, strong expression of MCP-1 contin-
ued to day 28, whereas MCP-1 expression was
suppressed in the DBTCþCM-treated group at day
14 and 28. PDGF and TGF-b were upregulated at a
later period than MCP-1, and PDGF peaked at day 14
while TGF-b peaked at day 28. The expression of
PDGF and TGF-b was also suppressed in the
DBTCþCM-treated group compared to the DBTC-
treated group (Figure 6a). Densitometry analysis
showed MCP-1, IL-1b, IL-6, TGF-b and PDGF mRNA
was significantly suppressed in DBTCþCM-treated
group at days 14 and 28 (Figure 6b).

CM Inhibited MCP-1 and TNF-a Production in
Cultured Monocytes In Vitro

To examine the direct effect of CM on inflammatory
cells, isolated monocytes were stimulated with LPS
at a dose of 10 and 100ng/ml, and treated with CM
at a dose of 0, 50, 500 mM and 2mM. After 24 h,
conditioned media were collected and assayed for
MCP-1 and TNF-a concentration. Stimulation of
even 10ng/ml LPS induced MCP-1 and TNF-a
production in monocytes. Moreover, greater produc-
tion of both mediators was observed by 100ng/ml
LPS stimulation (Figure 7a, b). Addition of CM in
culture medium attenuated MCP-1 production in-
duced by LPS in a dose-dependent manner (Figure
7a). Similarly, TNF-a production in monocytes was
suppressed by CM in a dose-dependent manner
(Figure 7b).

Figure 2 CM prevented pancreatic atrophy and improved
pancreatic exocrine function. (a) Pancreas wet weight (PWW)
was measured after the rats were killed, and the ratio of PWW (g)
to whole body weight (BW;kg) was calculated. (b) After each rat
was killed, the pancreas was removed and homogenized in 50mM
Tris-HCl buffer (pH 8.0) containing 0.5% Triton X-100. Thereafter
protein content in homogenized pancreatic tissue was measured.
Values are expressed as means7s.e. (n¼5). Significant differ-
ences: *Po0.05, **Po0.01, DBTCþCM-treated group vs DBTC-
treated group.

Antifibrotic effects of camostat mesilate
J Gibo et al

81

Laboratory Investigation (2005) 85, 75–89



CM Inhibited Proliferation and MCP-1 Production of
PSCs

Since PSCs were reported to be activated in the
course of pancreatitis and play an important role
through production of extracellular matrix,5,6 we
investigated the effect of CM on PSCs.

To examine the proliferation of PSCs, cultured
PSCs were incubated for 72 h with various concen-
trations of CM, and MTT assay was performed. The
results showed that CM significantly suppressed the
proliferation of PSCs to 86% at 0.5mM, 77% at
1.0mM and 63% at 2.0mM compared to 0mM CM,
respectively (Figure 8a). PSCs were also reported to

Figure 3 Oral administration of CM inhibited chronic inflammation and pancreatic fibrosis induced by DBTC. Photomicrographs of
representative H&E-stained pancreas sections at indicated points of time (original magnification � 100). (a) control, (b) DBTC-treated
group at day 7, (c) DBTC-treated group at day 14, (d) DBTCþCM-treated group at day 14, (e) DBTC-treated group at day 28, (f)
DBTCþCM-treated group at day 28. (g) MPO activity was measured to evaluate neutrophils infiltration. Pancreas was homogenized in
HTAB buffer, and MPO activity in homogenized samples was assessed by H2O2-dependent oxidation of TMB. Results are expressed as
relative activity and normalized to control samples. Values are expressed as means7s.e. (n¼5). Significant differences: *Po0.05,
**Po0.01.
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produce MCP-1 itself in response to the stimulation
of inflammatory cytokines.19 To examine the direct
effect of CM on MCP-1 production in PSCs, PSCs

were stimulated by LPS and simultaneously treated
with various concentrations of CM. When PSCs
were stimulated with 100ng/ml LPS, MCP-1 was

Figure 4 CM inhibited the development of pancreatic fibrosis and PSCs activation in the pancreas induced by DBTC. Azan staining
shows collagen deposition in the pancreas (original magnification �40): (a) DBTC-treated group at day 28, (b) DBTCþCM-treated group
at day 28. Immunostaining for a-SMAwas performed to reveal the activated PSCs (original magnification � 400): (c) DBTC-treated group
at day 28, (d) DBTCþCM-treated group at day 28. (e) To determine the fibrosis in the pancreas, hydroxyproline content in homogenized
pancreatic tissue was examined. Values are expressed as means7s.e. (n¼5). Significant differences: **Po0.01.
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produced up to 3344ng/ml in conditioned media.
However, the production of MCP-1 was inhibited in
the presence of CM in a dose-dependent manner and
suppressed to 79% at 0.5mM CM, 63% at 1.0mM
CM, and 39% at 2.0mM CM (Figure 8b).

CM does not Effect Collagen Synthesis, a-SMA
Expression and MMPs Secretion of PSCs

To examine the effect of CM on activation and
collagen synthesis in PSCs, RT-PCR for a-SMA,
procollagen a1 and TGF-b was performed. The
results of RT-PCR revealed that mRNA expression
of a-SMA, procollagen a1 and TGF-b did not change
after PSCs were incubated for 5 days with 2.0mM
CM (Figure 9a). To confirm these results, a-SMA
expression of PSCs by Western blotting and produc-
tion of TGF-b was examined. Western blotting for a-
SMA showed CM up to 2.0mM did not suppress the

activation of PSCs (Figure 9b). TGF-b release was
not influenced by CM, either (data not shown).
Furthermore, gelatin zymography was performed to
investigate MMPs secretion from PSCs. Gelatin
zymography revealed the strong expression of
proMMP-2 and weak expression of active MMP-2
in conditioned media. And the results also showed
that CM up to 2.0mM did not effect on gelatinases
activity in PSCs (Figure 9c).

Discussion

Up to the present, the efficacy of protease inhibitors
for treatment of pancreatitis has been discussed. It
has been demonstrated that CM, a synthetic serine
protease inhibitor, has the ability to inhibit pro-
teases such as trypsin, kallikrein, thrombin, plas-
min, and C1 esterase.12 CM also has been proven to
have a therapeutic effect on some animal models of

Figure 5 CM suppressed monocytes infiltration and inhibited MCP-1 expression both in serum and in pancreatic tissue. Immunostaining
for ED-1 shows infiltrated monocytes into the pancreas (original magnification � 40). (a) DBTC-treated group at day 28, (b) DBTCþCM-
treated group at day 28. (c) Serum samples were collected from the inferior vena cava when each rat was killed. MCP-1 concentration in
serum was examined by ELISA. (d) Pancreatic tissues were homogenized in 9 vol of 50mM Tris-HCl buffer, and MCP-1 protein
concentration in homogenized pancreas was examined in a similar manner. Values are expressed as means7s.e. (n¼5). Significant
differences: *Po0.05, **Po0.01.
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pancreatitis such as spontaneously developed pan-
creatitis in WBN/Kob rats20 or cerulein-induced
pancreatitis in rats.21 In addition, it was recently
reported that CM prevented rat hepatic fibrosis via
inhibition of plasmin-dependent activation of latent
TGF-b.22 However, the pharmacological mechanism
of CM in preventing the development of pancreatitis
has not been fully documented. In the present study,
we demonstrated for the first time that administra-
tion of CM attenuates rat chronic pancreatitis

Figure 6 CM suppressed the expression of MCP-1, TGF-b, PDGF,
IL-1b and IL-6 in the pancreas. Total RNA was extracted from
pancreatic tissues of the rats in each group at indicated time
points. RT-PCR was performed to reveal mRNA expression of
MCP-1, TGF-b, PDGF, IL-1b and IL-6. (a) Representative two
results from each group are shown. (b) The intensity of the bands
was analyzed using the image analysis software, and Y-axis
indicates relative mRNA expression normalized to GAPDH
mRNA. Values are expressed as means7s.e. (n¼ 4). Significant
differences: *Po0.05.

Figure 7 CM inhibited MCP-1 and TNF-a production in activated
rat monocytes. Rat monocytes were isolated from the spleen of a
normal male Lewis rat. Cultured monocytes were stimulated by
10 or 100ng/ml LPS for 24h in the presence of 0, 50, 500mM or
2mM CM. Thereafter MCP-1 and TNF-a concentration in
conditioned media was examined by ELISA: (a) MCP-1 produc-
tion from monocytes, (b) TNF-a production from monocytes.
Values are expressed as means7s.e. of four independent experi-
ments. Significant differences *Po0.05, **Po0.01.
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induced by DBTC and that CM effects monocytes
and PSCs directly and suppresses their activity.

The single intravenous administration of DBTC
induces acute interstitial pancreatitis leading to
pancreatic fibrosis.1,2 In the acute phase, 7 days
after DBTC administration, pancreatic edema ac-
companied by granulocytes infiltration and serum
elevation of pancreatic enzymes can be observed.
Thereafter in the chronic phase, from 7 days after
administration of DBTC, pancreatic fibrosis with
excessive infiltration of monocytes and the destruc-
tion of exocrine pancreas progress. In our prelimin-
ary study, we tried to start the oral administration of
CM from day 0. However, it resulted in finding no
evidence of pancreatitis in rats because CM inhib-

ited acute phase inflammation in the pancreas. From
these findings, the current study was designed to
focus on chronic phase treatment of the DBTC
pancreatitis model by starting CM administration
at day 7.

CM was contained in diet at the concentration of
0.1%. Since food intake of CM-treated rats was
about 10–20 g/day, the rats in the DBTCþCM-
treated group ingested about 40–80mg CM/kg/day.
This amount is about five times as much as a general
dose of CM used for chronic pancreatitis patients in
Japan. However, no obvious unfavorable effect was
observed in CM-treated rats.

CM proved its efficacy in suppressing the pro-
gression of chronic pancreatitis in vivo. As shown in
hematoxylin and eosin (H&E) staining of pancreatic
tissue, inflammation and acinar cell degeneration
were inhibited in the DBTCþCM-treated group.
MPO activity revealed attenuation of neutrophil
infiltration, and protein contents in the pancreatic
tissue were shown to be preserved. Furthermore,
CM inhibited subsequent progressive fibrosis as
shown in Azan staining and hydroxyproline content
in pancreatic tissue. From these findings, CM is

Figure 8 CM inhibited proliferation and MCP-1 production of
cultured PSCs. (a) Cultured rat PSCs (passages three) were seeded
at 2� 103 cells/well in 96-well plates and incubated for 72h in the
presence of 0, 0.5, 1.0, or 2.0mM CM. Thereafter, cell proliferation
was assessed by MTT assay. The absorrbance at 570nm (O.D.) of
the sample is shown. Values are expressed as means7s.e.
(n¼ 10). (b) Cultured rat PSCs (passages three) were stimulated
with 100ng/ml LPS and simultaneously treated with CM at 0, 0.5,
1.0, or 2.0mM. After incubation for 24h, the conditioned media
was collected and MCP-1 levels in the supernatants were
measured by ELISA. Values are expressed as means7s.e. of five
independent experiments. Significant differences: *Po0.05,
**Po0.01.

Figure 9 CM does not effect activation, collagen synthesis and
MMPs secretion of PSCs. (a) PSCs (passages five) were cultured in
the presence of 2.0mM CM for 5 days. Total RNA was extracted
from PSCs at days 1, 3 and 5 after addition of 2.0mM CM. Before
the treatment of CM, total RNAwas extracted from untreated PSCs
and used for control (shown as day 0). RT-PCR was performed to
reveal a-SMA, procollagen a1 and TGF-b mRNA expression. (b)
After PSCs (passages three) were incubated with 0, 0.5, 1.0 or
2.0mM CM for 24h in serum-free medium, each 10 and 20 mg
protein from cell lysate was assayed for a-SMA protein expression
by Western blotting. (c) After PSCs (passages three) were
incubated with 0, 0.5, 1.0 or 2.0mM CM for 24h in serum-free
medium, conditioned media was concentrated using a centrifugal
filter device and each 12ml of supernatants was assayed for MMPs
activity by gelatin zymography.
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thought to suppress the development of fibrosis
through inhibition of inflammation in the pancreas.

MCP-1 is classified as a C–C subfamily of
chemokines and exerts strong chemoattractant in
monocytes, macrophages and lymphocytes.23,24

Overexpression of MCP-1 has been shown in the
lesions of several fibrotic diseases including idio-
pathic pulmonary fibrosis,25 crescentic glomerulo-
nephritis,26 systemic sclerosis,27 and also chronic
pancreatitis.4 It has been also suggested that MCP-1
contributes to fibrogenesis via upregulation of TGF-
b.28–30 In the current study, enhanced expression of
MCP-1 mRNA and elevated MCP-1 protein concen-
tration in both serum and pancreatic tissue was
inhibited by treatment of CM in vivo. As shown in
immunostaining for ED-1, infiltration of monocytes/
macrophages was significantly attenuated as a result
of MCP-1 suppression. These inhibitory effects of
CM resulted in suppressed mRNA expression of
TGF-b and also PDGF. PDGF was reported to be
secreted from activated mononuclear cells and
macrophages,31 and PDGF b-receptor can be upre-
gulated in fibroblasts and blood vessels during
wound healing and chronic inflammation.32 Since
it is a well-known fact that TGF-b and PDGF
stimulate activation and proliferation of PSCs,8,33

intrapancreatic downregulation of these growth
factors naturally resulted in decreased PSCs activa-
tion in the pancreas which is shown by immunos-
taining for a-SMA.

Since monocytes/macrophages seemed to play an
important role in development of the DBTC-induced
chronic pancreatitis model, and paracrine stimula-
tion of PSCs via soluble mediators produced by
activated mononuclear cells was also reported
previously,34 we investigated the direct effect of
CM on isolated monocytes. CM markedly inhibited
the production of MCP-1 and TNF-a from cultured
rat monocytes in a dose-dependent manner. Since
CM is capable of influencing inflammatory cells
directly and suppresses the strong monocyte che-
motactic factors, CM is thought to suppress inflam-
mation in the course of chronic pancreatitis.
Furthermore, recently it was reported that TNF-a, a
proinflammatory cytokine, accelerates the prolifera-
tion and collagen synthesis of PSCs,35 and induces
MCP-1 production by PSCs.19 Therefore CM can also
inhibit the cell-cell interaction between monocytes
and PSCs.

Now, it is widely accepted that PSCs are respon-
sible for the fibrogenesis of pancreas like hepatic
stellate cells (HSCs) in the liver. PSCs change their
phenotype from quiescent fat-storing cell to highly
proliferative myofibroblast-like cell in response to
pancreatic injury or inflammation and produce an
extracellular matrix during chronic pancreatitis.
However, CM significantly inhibited the prolifera-
tion and LPS-induced MCP-1 production of PSCs in
a dose-dependent manner.

Furthermore, we examined the effect of CM on
a-SMA expression, collagen synthesis and MMPs

secretion of PSCs. And we showed in this study that
CM does not suppress collagen synthesis, activation
and MMPs secretion, although CM inhibits prolif-
eration and MCP-1 production of PSCs. These
results suggest that CM can suppress a part of PSC’s
activity through inhibition of some certain specific
signaling pathways.

Our findings are summarized as a schematic
illustration in Figure 10. Taken together, CM can
inhibit the progression of pancreatic fibrosis mainly
through suppression of inflammation and PSCs
proliferation. However, CM may not attenuate the
progressed and established fibrotic lesions since CM
does not effect on collagen production and degrada-
tion by PSCs.

Considering the molecular mechanism of CM, the
intracellular signaling pathway of MCP-1 gives a
clue to elucidate. Since MCP-1 expression has
proved to be regulated at the transcriptional level,
mainly through the activation of nuclear factor-kB
(NF-kB) and activator protein-1 (AP-1),36,37 it is
presumed that CM inhibits their activation at any
point as its site of action. Gabexate mesilate, also a
synthetic serine protease inhibitor and widely used

Figure 10 Schematic illustration of development of rat chronic
pancreatitis induced by DBTC and inhibitory effect of CM. DBTC
induces pancreatic injury due to obstructive pancreatitis. MCP-1,
primarily derived from injured conventional cells, induces
monocytes infiltration into pancreatic tissue. Monocytes produce
MCP-1 and TNF-a after activation in local area of inflammation.
MCP-1 induces further inflammation and TNF-a activates PSCs.
Once PSCs are activated in response to TGF-b, PDGF or
inflammatory cytokines such as TNF-a, they proliferate, produce
MCP-1 itself and synthesize extracellular matrix. CM inhibits
proliferation and MCP-1 production of activated PSCs. However,
the ability of collagen synthesis in PSCs is not influenced by CM.
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as an injection for acute pancreatitis and dissemi-
nated intravascular coagulation in Japan, was
reported to inhibit the binding of NF-kB to DNA-
binding elements through preventing inhibitory kBa
phosphorylation, in addition to inhibit both the
activation of mitogen-activated protein kinase path-
ways and the binding of AP-1 to DNA-binding
elements.38 Thus it is possible that CM might have a
similar action mechanism, although it has not been
proved in the current study.

In summary, administration of CM prevented the
progression of pancreatic fibrosis induced by DBTC
in rats. The observations that CM inhibited MCP-1
and TNF-a production by cultured monocytes,
proliferation of PSCs and MCP-1 production by
PSCs in vitro proved the existence of the direct effect
of CM on immunocompetent cells and PSCs. In
addition to the inhibitory effect on trypsinogen
activation as previously described, CM has bene-
ficial effects in suppressing chronic inflammation
leading to fibrosis in the pancreas. In conclusion,
our results support the therapeutic effectiveness of
CM for treatment of chronic pancreatitis patients.
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