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ABSTRACT T 

Inn chronic pancreatitis, metaplastic conversion of ductal epithelium is associated 
withh an increased risk of neoplasia. The elevated risk of pancreatic cancers urges 
aa valuable marker for early detection of acinar-to-ductal metaplasia in the setting 
off  chronic pancreatitis. Here we show that matrix metalIoproteinase-7 (MMP-7) 
iss expressed in metaplastic ductal cells and in pancreatic juice in a pig model 
forr chronic, obstructive pancreatitis. MMP-7 expression in pancreatic juice was 
foundd to by highly correlative to disease severity. MMP-7 levels showed a very 
strongg negative correlation with both amylase and lipase levels in juice. These 
dataa suggest that quantisation of MMP-7 in pancreatic j uice has the potential to 
bee a strong diagnostic marker for the diseased pancreas, either when considered 
alonee or in the context of other markers. 



ff INTRODUCTION 

|| Chronic pancreatitis (CP), with a prevalence of 50-75 patients per 100.000 inhab-
-|| itants and incidence of 6-7 per 100.000 per year, leads to professional, social 
'SS and psychological impairment. In patients with CP the risk of pancreatic can-
== cer is significantly elevated. The cumulative risk of pancreatic cancer 20 years 
~~ after the diagnosis of pancreatitis is 4 percent.1 Despite technical refinements of 
'Ï55 imaging modalities such as CT and MRI, the diagnosis of CP remains often dif-
BB heult. The secretin-pancreozymin test (SPT) represents the gold standard for the 
cc evaluation of exocrine pancreatic function.' However, this test is time-consum-
II  ing, invasive and requires special laboratory equipment and, therefore, is only 
PP used in specialised gastroenterological centres. The elevated risk of pancreatic 
SS cancer in patients with CP urges a valuable marker for early detection of pan-
== creatitis and acinar-to-ductal metaplasia in the setting of chronic pancreatitis.1 

Wee previously developed a porcine model of obstructive pancreatitis, show-
ingg the typical histological characteristics of human chronic pancreatitis, such 
ass stellate cell proliferation, increased collagen deposition, acinar-to-ductal 
metaplasia,, and T-lymphocyte infiltration.4 Exocrine function, i.e. juice secre-
tionn as well as lipase and amylase production upon pancreas stimulation with 
secretin-pancreozymin,, is severely impaired after a period of 4-8 weeks of pan-
creaticc duct ligation in this model. At the same time, endocrine function is 
unchanged,, as shown by intact glucose tolerance. This animal model allows the 
studyy of early phenomena in the development of chronic pancreatitis. 

Matrixx metalloproteinase-7 (MMP-7, matrilysin, EC 3.4.24.23) is a zinc depend-
entt endopeptidase expressed commonly in well-differentiated remodelling glan-
dularr epithelial tissue and in benign tumours of a variety of glandular tissues.5 

MMP-77 is not expressed in the adult pancreas, but is found at high frequency 
inn pancreatic cancer patients in precancerous and metaplastic epithelium. In 
chronicc pancreatitis, MMP-7 is expressed exclusively in the metaplastic ductal 
epitheliumm and has been shown to regulate acinar cell apoptosis through prote-
olyticc release of its pro-apoptotic molecule Fas ligand/1 The frequency and level 
off  MMP-7 expression in CP raises the possibility that MMP-7 could be a useful 
diagnosticc marker for CP. 

Heree we used the porcine model of chronic obstructive pancreatitis to show 
thatt MMP-7 protein is present at high levels in pancreatic juice from pigs with 
pancreatitis.. Our data suggest that MMP-7 may be a valuable marker for early 
detectionn in pancreatic juice of acinar-to-ductal metaplasia in the setting of pan-
creatitis.. High MMP-7 levels correlate to the severity of pancreatitis and relate 
inverselyy to the levels of acinar cell enzymes lipase and amylase. We propose 
thatt rising levels of MMP-7 provide a useful positive marker for CP, particularly 
whenn complemented with the falling levels of acinar cell enzymes. 
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MATERIALL AND METHODS = 

Thee experiments were conducted after approval of the Animal Experiment z 
Committeee of the University of Amsterdam at the Academic Medical Center | 
(protocoll  BEX30 and BEX59). Ten female piglets (age 6-10 weeks, 20-30 kg body 1 
weight)) underwent pancreatic duct ligation (PDL) under full anaesthesia and ~ 
weree followed for a ligation period of 3 weeks (n=4), 6 weeks (n=3) or 12 weeks | 
(n=l).. Two healthy female piglets of comparable age and weight served as | 
controlss for normal weight gain and normal pancreatic tissue. 2_ 

AnimalAnimal procedures | 
Thee animals were kept understandardised conditions, accordingto the guidelines s. 
off  the animal care facility. Anesthesia was induced with Ketamine (10 mg/kg § 
bwt,, i.m.), Clonidine (6 ug /kg bwt, i.m.) and Atropine (0.02 mg/kg bwt, i.m.). | 
Ann endotracheal tube was placed for maintenance of anesthesia by ventilation £. 
withh OJair (both 2 1/min) and halothane (1-1.5%). Analgesia was achieved with % 
aa bolus of Sufentanil (4 pg/kg bwt every 45 min, i.v.) and muscle relaxation (if J_ 
needed)) with Pavulon (Pancuronium, 0.1 mg/kg bwt, i.v.). Postoperative pain was if 
preventedd by administration of Buprenorphine {0.01 mg/kg, one bolus i.m.) and S. 
Finadynee (3 mg/kg bwt, i.m.) on the day of surgery and one day post operative. -g 

Ann upper midline laparotomy was performed in all ten animals. The PD was | 
identifiedd in its extra-pancreatic and extraduodenal course and was subsequent- | 
lyy cannulated with a catheter (22GA, 0.8 x 0.25 mm Venflon, Becton Dickinson, 
Sweden)) and connected to a manometer. After measurement of the intraductal 
pressuree and completion of the function tests (approx. 30 min after secretion 
hadd stopped), the duct was ligated with a double suture (Vicryl 4-0) but not tran-
sected.. The serosal connection between duodenum and the pancreas was left 
intact.. The animals received one bolus of Mandol during surgery (cefamandol 
11 gram i.v.) and standard post-operative antibiotic prophylaxis with ampicil-
Hnee (Clamoxyl L.A. 15 mg /kg body weight i.m. at day 2, 4 and 6 post opera-
tive).. Postoperatively the animals were allowed free access to food and water. 
Afterr 3, 6 and 12 weeks of PDL respectively, a second laparotomy was performed 
underr general anesthesia. Intraductal pressure was measured and a total pan-
createctomyy was performed. Animals were terminated with 60-90 mmol KC1 i.v.. 
Pancreaticc tissue was collected and fixed in 4% (w/v) formaldehyde. 

Too obtain pancreatic juice, secretion was stimulated with cholecystokinin (1 
CU/kg,, Sigma, St. Louis, MO, USA) and secretin (lCU/kg, Sigma) before PDL and 
afterr 3-6 weeks of ligation. The collected juice was frozen immediately in liquid 
nitrogenn and stored at -80°C until further use. For analysis of MMP-7 levels 
inn the circulation, blood samples were collected in heparin-containing tubes 
beforee and after PDL, centrifuged to obtain plasma and stored at -80°C. 



ProteinProtein Extraction and Immunoblotting 
MMP-77 protein was measured in pancreatic juice and blood plasma by western 
blottingg as described before.6 

Forr protein analysis, samples from pancreatic head and tail were minced 
andd solubilised in lysis buffer (50 mM Tris, pH 7.5, 100 mM NaCl, and 0.5% NP-
400 supplemented with complete protease inhibitor tablets (Roche Molecular 
Biochemicals,, Indianapolis, IN). Insoluble debris was removed by centrifugation 
andd protein concentrations were determined by the Bradford assay (Bio-Rad 
Laboratories,, Hercules, CA). 8 ug of total protein per lane were loaded, resolved 
onn SDS-12% polyacrylamide gels and transferred to nitrocellulose membrane. 
Blotss were blocked in 5% milk in Tris-buffered saline with 0.05% Tween-20 (TBST) 
andd incubated with rabbit polyclonal anti-MMP-7 antibody 7 diluted 1:200. The 
membraness were washed in TBST and probed with biotin-conj ugated species-spe-
cificc secondary antibodies (Jackson Laboratories). After washing in TBST, blots 
weree probed with horseradish peroxidase conjugated streptavidin and washed 
inn TBST. Immune complexes were visualised using the ECL kit (Amersham Life 
Science,, Buckinghamshire, England) and exposed to autoradiograph film. To 
confirmm equivalent protein loading, blots were stained for total protein in a 
solutionn of 0.1% Fast Green FCF (Sigma, St. Louis, MO), 20% methanol, and 5% 
aceticc acid solution. 

Immunohistochemistry Immunohistochemistry 
Porcinee normal pancreas and pancreatitis samples were formalin fixed, embed-
dedd in paraffin and cut to 4 |jm sections. Immunohistochemical analysis was 
performedd as previously described using rat monoclonal anti-MMP-7, an anti-
bodyy that recognises both pro- and active forms of MMP-7 as primary antibodies 
att 1:50.*  For general assessment of chronic pancreatitis sections were stained 
withh haematoxylin and eosin (HE). 

RESULTS S 

Owingg primarily to the size and anatomy of the pig pancreas, which allows a 
precisee ligation of the main pancreatic duct and the similarity of the pig pan-
creass to the human organ, the porcine model of chronic pancreatitis provides 
aa very clean system in which we can follow the progression of the disease state. 
Ass such, we followed MMP-7 expression by immunohistochemical analysis at 
threee time points post ligation and found that, in severe cases of pancreati-
tis,, MMP-7 expression looks very similar to human and mouse pancreatitis 6 in 
thatt MMP-7 is specifically confined to the metaplastic ducts and is not found in 
thee fibrotic stroma or the inflammatory infiltrates {fig. la). At 6 weeks. MMP-7 
wass expressed wherever metaplastic ducts had formed in all of the pancreata 
examined.. However, at 3 weeks post ligation, we found distinct areas of acinar 



Figuree IA. MMP-7 expression (both pro- and active forms) in acinar cells and 

metaplasticc ducts. 
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MMP-77 mimimoivurrivity in (A,B) normal pig pancreas; (CD) mild pancreatitis after 6 weeks of 
pancreaticpancreatic duct ligation (PDL); (E,F) severe pancreatitis after \2 weeks of PDL n, neural tissue; 
a,a, arteriole; d, ductule; i, islet of Langerhans; m, metaplastic lesions; v. venule. Arrows show 
metaplasticmetaplastic epithelium. Left column Wx objective, right column 40x objective. See page 196 for 
colourcolour illustrations 



Figuree IB 
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Ib.. MMP-7 cxpi'i'ssioM i» the acinar cells after 3 weeks of ligation before overt appearance of meta-
plasticplastic duct cells. See page 196 for colour illustrations 

celll  staining for MMP-7 suggesting, for the first time, that MMP-7 expression 
initiatess in the acinar cells, preceding the overt appearance of metaplastic duct 
cellss {fig. lb). This may explain, in part, the apparent circular observation that 
MMP-77 is expressed by metaplastic ducts, but also regulates the formation of 
metaplasticc ducts. 

Thee high frequency with which we observed MMP-7 in the porcine model 
suggestedd that MMP-7 may provide a powerful diagnostic marker for disease 
initiationn or progression. Immunohistochemical data have often suggested that 
althoughh MMP-7 is a member of a matrix-degrading family of enzymes, it is in 
factt lumenally secreted. Supporting this notion, in culture, polarised cell lines 
thatt express MMP-7 secrete it to the apical surface.'' Based on the assumption 
thatt MMP-7 was lumenally secreted in the diseased pancreas, we collected pan-
creaticc juice from unligated and ligated pigs and analysed the juice by western 
blott {fig. 2). 

Inn double-blind studies, the level of MMP-7 was defined qualitatively by 
timee of exposure, a procedure normalised by inclusion of the same high-level 
expressorr on each blot. Within each experiment, linear auto-radiographic expo-
suress were obtained and quantitated by densitometry. The high level expressor 
wass set at 100% and the other samples defined by which 20"' percentile the 
sampless fell into. As such, 0 was defined as undetectable MMP-7, 1 was 1-20% of 
control,, 2 was 21-40%, 3 was 41-60%. 4 was 61-80% and 5 was 81-100%. of control. 
Pancreatitiss severity was scored in H&E -stained sections with respect to mani-
festationn of connective tissue, tubular metaplasia and lymphocyte infiltration. 
Scoress added up to 3 for severe, 2 for moderate, 1 for very mild and 0 for no pan-
creatitis.. After unblinding, data were compared by ANOVA analysis and MMP-7 



Figuree 2 

Pro-MMP-7 7 

Activee MMP-7 

ExampleExample of immunoblot for MMP-7 expression in pancreatic juice collected before and after ductal 
ligationligation showing both the pro (27 kDa, upper row) and active (18 kDa, bottom row) forms of MMP-7. 
PancreaticPancreatic juice samples were randomly loaded onto the gel and blotted. 0, before ligation; 6, after 
66 weeks ligation; 12, after 12 weeks ligation. 
NoteworthyNoteworthy is the absence of MMP-7 in the juice of a pig (labeled 0') after 12 weeks of unsuccessful 
ligation.ligation. Both functional testing, morphological and histological examination classified this 
pancreaspancreas as healthy and free of pancreatitis. Absence of MMP-7 in juice is in accordance with our 
classification. classification. 

Figuree 3 
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Pancreatitiss Score 

MMP-77 levels in pancreatic juice shows a strong correlation with pancreatitis progression as 
scoredscored in tissue sections (compared by ANOVA, P <0.0001). Only full length pro-MMP-7 (27 kDa) was 
quantitated. quantitated. 
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expressionn in pancreatic juice was found to by highly correlative to pancreatitis 
severityy (P <0.0001, jig. 3). 

Nextt we compared the levels of MMP-7 (level 0-5) to quantitative levels of 
amylasee and lipase, enzymes normally expressed by healthy acinar cells. As 
acinarr cells disappear by apoptosis or transdifferentiation, amylase and lipase 
levelss drop as well, making them strong negative correlates to disease progres-
sion.. Compared by logarithmic regression, MMP-7 levels showed a very strong 
negativee correlation with both amylase (P <0.0001, fig. 4A) and lipase (P <0.0001, 
fig.fig. 4R). These data suggest that quantification of MMP-7 wil l prove a strong diag-
nosticc marker for the diseased pancreas, either when considered alone or in the 
contextt of other markers. 

|| DISCUSSION 

Wee used a model of obstructive pancreatitis ! to show that MMP-7 protein is 
presentt at high levels in pancreatic juice from pigs with pancreatitis. We 
suggestt MMP-7 may be a valuable marker for early detection of acinar-to-ductal 
metaplasiaa in the setting of human chronic, obstructive pancreatitis. 

Figuree 4A 
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MMP-77 protein lewis show a strong negative correlation with (A) amylase and (B) lipase activities 
(U/L)(U/L) in pancreatic juice of pigs with chronic pancreatitis. Only full length pro-MMP-7 {27 kDa) was 
quantquant it a ted. 
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InIn gastrointestinal epithelium, metaplastic conversion between predomi-
nantt cell types is associated with an increased risk of neoplasia. It was recently 
shownn that MMP-7 is expressed not only in 98% of human pancreatic ductal ade-
nocarcinomaa specimens, but also in the majority of human pancreatic intraepi-
theliall  neoplasia (PanIN) and metaplastic duct lesions in human and mouse.6 

Inn normal porcine pancreas and normal pancreatic juice, MMP-7 protein is 
eitherr undetectable or occasionally present at very low levels. MMP-7 was gener-
allyy noL found in the normal ductal epithelium, but after PDL the histological 
normall  ducts are responding to the pancreatitis fairly robustly with high MMP-
77 levels, even after 3 weeks of PDL. We found strong MMP-7 expression in meta-
plasticc epithelium, but not in the fibrotic or inflamed areas within the porcine 
pancreas.. Our observations suggest that MMP-7 levels in tissue rise in the acinar 
cellss prior to the onset of metaplasia. It is unclear what might be initiating 
thee expression. One of the mechanisms proposed for regulation of metaplastic 
transitionss in adult epithelia involves cleavage of Fas-ligand by MMP-7, which 
initiatess acinar cell apoptosis. We did not observe nuclear fragmentation much 
andd if existent, it was not associated with high levels of MMP-7 staining. Trypsin 
iss also one of the promising candidate activators of MMP-7 protease activity in 
vivo.100 Most likely there are other still unidentified substrates that influence 
metaplasiaa and this issue warrants further study. 

Withh respect to the site of secretion, MMP-7 is clearly stained at the apical 
aspectt of the cell in a normal ductal structure, suggesting that MMP-7 should 
bee secreted in the pancreatic juice. However, in the metaplastic ductal epithelia, 

Figuree 4B 
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MMP-77 seems to be less localised in any polar fashion. This may be suggestive 
off  the cells themselves being less polar. Also, this suggests that in the diseased 
state,, MMP-7 is not only secreted into the pancreatic juice but also in the blood. 
Thiss prompted us to test MMP-7 levels in plasma to show that MMP-7 might be 
aa marker of early pancreatitis. Unfortunately, the anti-MMP-7 antibody used in 
westernn blotting failed to detect specific levels of MMP-7 protein in plasma due 
too unacceptably high background in normal blood control samples. This meth-
odologicall  misfortune neither confirms nor contradicts the presence of MMP-7 
inn the blood circualation in CP. It should be noted that existing ELISA assays that 
cann detect MMP-7 in human serum do not recognise the porcine MMP-7 ortho-
logue,, thus these technical complications should not hamper future human 
studiess for MMP-7 in pancreatitis patients. 

Obviously,, we have not seen progression to cancer in our model of PDL in 
pigss within the relatively short time of observation. Both MMP-7 and gelatinase 
B/typee IV collagenase (MMP-9) are expressed in tumour tissues.!1-u It has been 
suggestedd that MMP-7 and MMP-9 may regulate new blood vessel formation by 
cleavingg plasminogen and generating angiostatin fragments.15 Because ang-
iogenesiss is essential for tumour growth, this angiostatin-con vert ing enzyme 
activityy has severe implications for the role of MMP-7 in tumour growth and 
metastasis. . 

Thee surgical method for induction of (chronic) pancreatitis, shows good sim-
ilarityy to human disease compared to any of the transgenic or chemical induc-
tionn models/1 MMP-7 should be valuable as a marker of early chronic pancreatitis 
inn humans. We find that 6 weeks PDL results in histological clearly defined pan-
creatitiss with up to 50% acinar-to-ductal metaplasia. At this time, non-invasive 
testss only show a mild decrease in exocrine function and a good endocrine func-
tion,, as in humans up to a certain point in the diseased At the same time, MMP-
77 levels in pancreatic juice were increased, indicating that MMP-7 levels are a 
sensitivee parameter for early pancreatitis with acinar-to-ductal metaplasia. 

Thee outcome of our study may have wide implications. The gene for MMP-
77 was recently identified as mediator of pulmonary fibrosis while increased 
expressionn of the protein was found in fibrotic lungs.14 MMP-7 knockout mice 
weree dramatically protected from both pulmonary fibrosis H and pancreatitis 
withh pancreatic fibrosis/' Ongoing studies in the mouse suggest that the use of 
MMPP inhibitors may be a promising treatment for halting the progression of 
pancreatitiss (personal observations). Reversion of the disease is currently under 
investigation.. Ideally, patients that already have chronic pancreatitis and aci-
nar-to-ductall  metaplasia could be treated. 
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