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Background: Pancreatic fibrosis is a characteristic feature of chronic pancreatic injury and is thought
to result from a change in the balance between synthesis and degradation of extracellular matrix (ECM)
proteins. Recent studies suggest that activated pancreatic stellate cells (PSCs) play a central role in pancreatic fibrogenesis via increased synthesis of ECM proteins. However, the role of these cells in ECM
protein degradation has not been fully elucidated.
Aims: To determine: (i) whether PSCs secrete matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs) and, if so (ii) whether MMP and TIMP secretion by PSCs is altered in
response to known PSC activating factors such as tumour necrosis factor α (TNF-α), transforming
growth factor β1 (TGF-β1), interleukin 6 (IL-6), ethanol, and acetaldehyde.
Methods: Cultured rat PSCs (n=3–5 separate cell preparations) were incubated at 37°C for 24 hours
with serum free culture medium containing TNF-α (5–25 U/ml), TGF-β1 (0.5–1 ng/ml), IL-6 (0.001–10
ng/ml), ethanol (10–50 mM), or acetaldehyde (150–200 µM), or no additions (controls). Medium from
control cells was examined for the presence of MMPs by zymography using a 10%
polyacrylamide-0.1% gelatin gel. Reverse transcriptase-polymerase chain reaction (RT-PCR) was used
to examine gene expression of MMP9 and the tissue inhibitors of metalloproteinases TIMP1 and TIMP2.
Western blotting was used to identify a specific MMP, MMP2 (a gelatinase that digests basement
membrane collagen and the dominant MMP observed on zymography) and a specific TIMP, TIMP2.
Reverse zymography was used to examine functional TIMPs in PSC secretions. The effect of TNF-α,
TGF-β1, and IL-6 on MMP2 secretion was assessed by densitometry of western blots. The effect of
ethanol and acetaldehyde on MMP2 and TIMP2 secretion was also assessed by this method.
Results: Zymography revealed that PSCs secrete a number of MMPs including proteinases with
molecular weights consistent with MMP2, MMP9, and MMP13. RT-PCR demonstrated the presence of
mRNA for metalloproteinase inhibitors TIMP1 and TIMP2 in PSCs while reverse zymography revealed
the presence of functional TIMP2 in PSC secretions. MMP2 secretion by PSCs was significantly
increased by TGF-β1 and IL-6, but was not affected by TNF-α. Ethanol and acetaldehyde induced
secretion of both MMP2 and TIMP2 by PSCs.
Conclusions: Pancreatic stellate cells have the capacity to synthesise a number of matrix metalloproteinases, including MMP2, MMP9, and MMP13 and their inhibitors TIMP1 and TIMP2. MMP2 secretion by PSCs is significantly increased on exposure to the proinflammatory cytokines TGF-β1 and IL-6.
Both ethanol and its metabolite acetaldehyde increase MMP2 as well as TIMP2 secretion by PSCs.
Implication: The role of pancreatic stellate cells in extracellular matrix formation and fibrogenesis may
be related to their capacity to regulate the degradation as well as the synthesis of extracellular matrix
proteins.

ancreatic fibrosis is a key pathological feature of alcohol
induced chronic pancreatitis. There is increasing evidence
from recent studies indicating that pancreatic stellate
cells (PSCs) play a major role in pancreatic fibrogenesis.1–4
Studies of pancreatic sections from patients with chronic pancreatitis and of animal models of experimental pancreatic
fibrosis have suggested that activated PSCs are the primary
source of collagen in the fibrotic pancreas.5–9 PSCs, in their
quiescent state, can be identified by the presence of vitamin A
containing lipid droplets in their cytoplasm and by positive
staining for stellate cell selective markers such as desmin and
glial fibrillary acidic protein.2 When activated by factors such
as cytokines, growth factors, oxidant stress, alcohol (ethanol),
or its metabolite acetaldehyde, they transform into
myofibroblast-like cells and synthesise increased amounts of
the extracellular matrix (ECM) proteins that comprise fibrous
tissue, particularly fibrillar collagens and fibronectin.1–4
The ECM plays a central role in the maintenance of normal
tissue architecture. It is now evident that ECM turnover (syn-

thesis, secretion, and degradation) is a critical feature of the
tissue remodelling that accompanies physiological as well as
pathological processes.10 Alteration in the balance between
ECM protein synthesis and degradation can result in
pathological increases in ECM deposition leading to the
development of fibrosis.

.............................................................
Abbreviations: ANOVA, analysis of variance; ECL, enhanced
chemiluminescence; ECM, extracellular matrix; FBS, fetal bovine serum;
GAPDH, glyceraldehyde phosphate dehydrogenase; HRP, horseradish
peroxidase; HSCs, hepatic stellate cells; IL, interleukin; IMDM, Iscove’s
modified Dulbecco’s medium; PSC, pancreatic stellate cell; MMP, matrix
metalloproteinase; MT-MMP, membrane-type matrix metalloproteinase;
RT-PCR, reverse transcriptase-polymerase chain reaction; SDS, sodium
dodecyl sulphate; TBS, Tris buffered saline; TGF-β, transforming growth
factor β; TIMP, tissue inhibitor of metalloproteinase; TNF-α, tumour
necrosis factor α; TTBS, Tris buffered saline and Tween 20.
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While evidence is accumulating regarding the capacity of
PSCs to regulate ECM protein synthesis, little is known of the
ability of these cells to regulate ECM degradation. The key
enzymes involved in ECM protein degradation are matrix
metalloproteinases (MMPs). These are a family of at least 25
zinc dependent enzymes that are secreted as inactive (latent)
zymogens.11 12 MMPs are classified according to their substrate
specificity and structural features into five major groups: gelatinases (MMP2, MMP9), stromelysins (MMP3, MMP10,
MMP11), elastases (MMP12, MMP7), collagenases (MMP1,
MMP8, MMP13, MMP18), and membrane-type matrix metalloproteinases (MT1-MMP, MT2-MMP, MT3-MMP, MT4MMP). The propeptide form of MMPs contains a regulatory
motif with a free cysteine residue that maintains latency by
binding to zinc in the catalytic domain.13 Activation results
from dissociation of the regulatory motif from the catalytic
domain. In vivo, the plasminogen-plasmin cascade is the
major system effecting activation of prometalloproteinases.14
Additional activating mechanisms include mast cell tryptase,
cathepsins, elastase, kallikrein, and reactive oxygen
intermediates.15 16 MMP2 is also reported to be activated by
membrane-type matrix metalloproteinase 1 (MT1-MMP).17
MMP2 and MMP9 both degrade basement membrane
collagen (type IV) and are associated with ECM remodelling
in wound healing, development, inflammation, fibrosis,
angiogenesis, and tumour invasion.18 Degradation of normal
basement membrane collagen (collagen-type IV) is thought to
facilitate the deposition of pathological fibril forming
collagen.19
Activity of MMPs can be inhibited by tissue inhibitors of
metalloproteinases (TIMPs). Four subtypes of TIMPs (TIMP1–
TIMP4) have been identified to date.20–23 TIMP1 inhibits the
activity of several MMPs (MMP1, 3, 8, 9, 10, 11, 13, and 18)
while TIMP2 is particularly important in the inhibition of
MMP2.
The aim of this study was to examine whether PSCs are a
source of MMPs and TIMPs and, if so, to determine the effect
of known PSC activating factors on secretion of MMP2 and
TIMP2 by these cells.

METHODS
Isolation of pancreatic stellate cells
Rat pancreatic stellate cells were isolated as detailed
previously.2 Briefly, the pancreas was digested with a mixture
of collagenase P (0.05%), pronase (0.02%), and DNase (0.1%)
in Gey’s balanced salt solution. The resultant suspension of
cells was centrifuged in a 13.2% Nycodenz gradient at 1400 g
for 20 minutes. Stellate cells separated into a hazy band just
above the interface of the Nycodenz solution and the aqueous
buffer. This band was harvested and the cells were washed and
resuspended in Iscove’s modified Dulbecco’s medium (IMDM)
containing 10% fetal bovine serum (FBS), 4 mM glutamine,
and antibiotics (penicillin 100 U/ml, streptomycin 100
mg/ml). The above technique yields a preparation of stellate
cells devoid of contamination by endothelial cells or macrophages, as evidenced by negative staining for the markers factor VIII and ED1, respectively.2
Culture conditions for pancreatic stellate cells

Culture activated PSCs
For experiments using culture activated PSCs, cells were
seeded in uncoated plastic culture plates at a density of 20 000
cells per well. Cells were then incubated at 37°C in a 95%
air/5% CO2 atmosphere and experiments performed when
cells reached 70% confluence.

Quiescent versus activated PSCs
In some experiments, quiescent and activated PSCs from the
same cell preparation were compared with respect to MMP2
secretion. Our previous studies have established that PSCs
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demonstrate an activated phenotype when cultured on
uncoated plastic in medium containing 10% FBS for 48
hours.2 To compare quiescent and activated PSCs, freshly isolated cells were seeded at a density of 50–100×103 cells/well in
uncoated plastic wells in IMDM with 10% FBS, and incubated
for 24 hours (quiescent cells) or 48 hours (activated cells). The
medium was then changed to IMDM with 0.2% FBS and cells
incubated for a further 24 hours. Secretions were then
collected for MMP2 analysis.
Assessment of MMP secretion by pancreatic stellate
cells

Zymography
MMP secretion by PSCs was assessed by zymography, as
described by Herron and colleagues.24 This method allows the
detection of both latent and active forms of MMPs. Proteins
are separated by electrophoresis through a polyacrylamide gel
containing a substrate (such as gelatin) that can be readily
cleaved by MMPs. The presence of MMPs in the sample can be
detected as white bands of lysis against the Coomassie blue
stained gel. For this study, zymogram gels were prepared by
addition of type I gelatin to the standard Laemmli acrylamide
polymerisation mixture at a final concentration of 1 mg/ml
(0.1%). PSCs were incubated for 24 hours in serum free
medium, which was then collected, centrifuged for 10 minutes
at 1500 rpm to remove cells and debris, and mixed with nonreducing sample buffer (0.4 M Tris, pH 6.8, 5% sodium dodecyl
sulphate (SDS), 20% glycerol, 0.03% bromophenol blue).
Samples were electrophoresed at 60 V through a 4% stacking
gel and then at 100 V through a 10% resolving gel. Following
electrophoresis, gels were washed in 2.5% Triton X-100 with
gentle shaking for 30 minutes and then incubated for 30 minutes at room temperature in developing buffer (40 mM
Tris-HCl, 0.2 mM NaCl, 6.67 mM CaCl2, 0.1% Triton X-100, pH
7.8). The developing buffer was then replaced with fresh
buffer and the gel was incubated overnight at 37°C. The gels
were stained for two hours with freshly prepared 0.5%
Coomassie Blue R-250 in 10% acetic acid and 40% methanol
and destained using fresh Coomassie destaining solution
(45% ethanol, 10% acetic acid). Gels were washed (3×15 minutes) with the destaining solution and placed in storage solution (5% methanol, 0.75% acetic acid). As noted earlier, MMP
activity was visualised as bands of lysis, which appear white
on a dark background.

Western blotting
MMP2 secreted by quiescent and activated PSCs was
identified by western blotting using a purified mouse
monoclonal antibody. Cultured PSCs (passages 1–3) were used
for all experiments. Quadruplicate wells of cells were exposed
to the cytokines tumour necrosis factor α (TNF-α 5, 10, and 25
U/ml), transforming growth factor β1 (TGF-β1 0.5 and 1
ng/ml), and interleukin 6 (IL-6 0.001, 0.1, and 10 ng/ml). Cells
were also treated with ethanol (10 and 50 mM) or
acetaldehyde (150 and 200 µM) in serum free culture medium
for 24 hours at 37°C. Cells incubated with serum free culture
medium alone served as controls. Serum free culture medium
was used to avoid the confounding effects of serum.
Protein concentrations of stellate cell secretions were
measured by the method of Lowry and colleagues25 using
bovine serum albumin as the standard. Proteins (100 µg) from
each sample were separated by gel electrophoresis using a 10%
SDS polyacrylamide gel. Known molecular weight protein
standards were run alongside the samples. Separated proteins
were transferred onto a nitrocellulose membrane using a
commercial semi dry blotting apparatus (Biorad, Richmond,
California, USA). The membranes were blocked in 5% skim
milk in Tris buffered saline (TBS, pH 7.6) with 0.05% Tween-20
(TTBS) for one hour to prevent non-specific binding of
antibody. Membranes were then incubated for one hour at
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room temperature with monoclonal anti-MMP2 (1 µg/ml) in
5% skim milk in TTBS. After three washes of five minutes each
with TTBS, membranes were incubated with the horseradish
peroxidase (HRP) conjugated secondary antibody (1:500) for
60 minutes at room temperature. Membranes were then
rinsed with TTBS (3×5 minutes) and finally with TBS. MMP2
bands were detected by the enhanced chemiluminescence
(ECL) technique using the Amersham ECL kit. MMP2 expression was quantified by densitometry of scanned autoradiographs (Scion Image, Maryland, USA). Densitometer readings
are expressed as integrated optical densities (arbitrary densitometer units calculated from the density as well as the size of
each band/µg protein loaded onto the gel).

RT-PCR
Expression of mRNA for MMP9 in PSCs was examined using
reverse transcriptase-polymerase chain reaction (RT-PCR).
Total cellular RNA was extracted from PSCs by a modification
of the method described by Chomczynski and Sacchi26 using
the Tri-reagent kit, as described previously.3 Extracted RNA
was quantified by spectrophotometry. The A260/A280 ratio of
extracted RNA was routinely in the range 1.7–1.8. Agarose gel
electrophoresis of extracted RNA confirmed the integrity of
the RNA samples. Total cellular RNA was reverse transcribed
using a first strand cDNA synthesis kit according to the
manufacturer’s instructions. The resulting cDNA was amplified using the MasterTaq Kit using previously reported
primers for MMP927 and glyceraldehyde phosphate dehydrogenase (GAPDH, internal control). Primer sequences were as
follows:
Rat MMP9
Forward primer: 5′ AAG GAT GGT CTA CTG GCA C 3′; reverse
primer: 5′ AGA GAT TCT CAC TGG GGC 3′.27
Rat GAPDH
Forward primer: 5′ AAT CCC ATC ACC ATC TTC CA 3′; reverse
primer: 5′ GGC AGT GAT GGC ATG GAC TG 3′.
The reaction mix contained 4 µl of cDNA, 50 pmol of each
primer (forward and reverse), 2 mM MgCl2, 0.2 mM dNTPs,
and 2.5 U Taq DNA polymerase. PCR was performed on a
Perkin-Elmer thermal cycler with a two minute predenaturation at 94°C, and 35 cycles of amplification consisting of 94°C
for one minute (denaturation), 56°C for one minute (annealing), and 72°C for one minute (extension).

Assessment of TIMP secretion by pancreatic stellate
cells

Reverse zymography
This method allows the detection of functional TIMPs in a
sample. Proteins are separated by electrophoresis in a gelatinSDS gel containing added gelatinases. Functional TIMPs
appear as a dark band, corresponding to the area where gelatin degradation by the gelatinases in the gel is prevented by
the inhibitor. Serum free conditioned medium from PSCs
(PSC secretion) was desalted and concentrated using a
centrifugal filter device with a molecular weight limit of 5000
Da (Ultrafree -0.5; Millipore). Briefly, the centrifugal filter
device was rinsed with MilliQ water by centrifugation at
12 000 g for five minutes at 4°C. PSC secretions (400 µl) were
then placed into the filter device and centrifuged for 12 000 g
for 15 minutes at 4°C. The sample was rinsed twice with MilliQ water and centrifuged as above. This technique resulted in
a 20-fold concentration of the PSC secretions. Concentrated
secretions were then mixed with non-reducing sample buffer
(0.4 M Tris, pH 6.8, 5% SDS, 20% glycerol, 0.03% bromophenol
blue). Samples were applied to a 14% polyacrylamide gel containing 1 mg/ml gelatin and 30% (v/v) 10× concentrated conditioned medium of HT1080 cells (as a source of gelatinases).
After electrophoresis, gels were washed twice in 2.5% Triton
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X-100 with gentle shaking for 30 minutes and then incubated
for 30 minutes at room temperature in developing buffer (40
mM Tris-HCl, 0.2 mM NaCl, 6.67 mM CaCl2, 0.1% Triton X-100,
pH 7.8). This was followed by an overnight incubation at 37°C.
Gels were then stained with 0.5% Coomassie blue in 10% acetic acid and 40% methanol and destained with 45% ethanol
and 10% acetic acid. Human recombinant TIMP1 and TIMP2
were used as positive controls.

RT-PCR
Expression of mRNA for TIMP1 and TIMP2 in PSCs was
examined using RT-PCR, as outlined above. RNA was isolated
from PSCs and reverse transcribed. cDNA was amplified using
the MasterTaq Kit using previously reported primers for
TIMP1 and TIMP2.28 29 GAPDH was used as a positive control,
as described previously. Primer sequences for TIMP1 and
TIMP2 were as follows:
Rat TIMP1
Forward primer: 5′ ACA GCT TTC TGC AAC TCG 3′; reverse
primer: 5′ CTA TAG GTC TTT ACG AAG GCC 3′.28
Rat TIMP2
Forward primer: 5′ ATT TAT CTA CAC GGC CCC 3′; reverse
primer: 5′ CAA GAA CCA TCA CTT CTC TTG 3′.29
PCR was performed on a Perkin-Elmer thermal cycler with
a two minute predenaturation at 94°C, and 35 cycles of amplification consisting of 94°C for one minute (denaturation),
55°C for one minute (annealing), and 72°C for one minute
(extension).

Western blotting
TIMP2 in PSC secretions was identified by western blotting
using a purified mouse monoclonal antibody. Cultured PSCs
were treated with ethanol (50 mM) or acetaldehyde (200 µm)
in serum free culture medium for 24 hours at 37°C using airtight culture plates. Cells incubated with serum free culture
medium alone served as controls. PSC secretions were then
desalted and concentrated 20-fold, as described earlier.
Protein concentrations of the concentrated samples were
measured using the Pierce BCA protein assay kit as per the
manufacturer’s instructions. Equal amounts of protein for
each sample were separated by gel electrophoresis (10% gel)
and transferred to nitrocellulose. Known molecular weight
protein standards were run alongside the samples. Western
blotting was performed as outlined for MMP2. The primary
antibody for TIMP2 was used at a concentration of 50 µg/ml.
Statistical analysis
Results are expressed as means (SEM) per experimental protocol. Data were analysed using analysis of variance
(ANOVA).30 Fisher’s protected least significant difference was
used for comparison of individual groups provided the F test
was significant.30 31 Where indicated, data were analysed by the
Student’s paired t test. Analyses were performed using the
Statview II statistical software package.
Materials
All general chemicals were of analytical reagent grade and
were purchased from the Sigma Chemical Company (St Louis,
Missouri, USA) as were all cell culture reagents. Collagenase P
was purchased from Boehringer Mannheim (Mannheim, Germany). Protease Type XIV (from Streptomyces griseus) was
obtained from the Sigma Chemical Company. DNase was purchased from Pharmacia Biotech (Uppsala, Sweden). Nycodenz
was obtained from Nycomed Pharma AS (Oslo, Norway).
IMDM was purchased from Invitrogen Pty Ltd (Melbourne,
Australia). Antibodies were obtained from the following
sources: monoclonal antibodies to MMP2 and TIMP2
(Calbiochem-Novabiochem, Cambridge, Massachusetts,
USA); monoclonal antibody to TIMP1 (Chemicon, Victoria,

www.gutjnl.com

Downloaded from http://gut.bmj.com/ on September 25, 2017 - Published by group.bmj.com
278

Phillips, McCarroll, Park, et al

A

A
Lane:

1

2

3

4

5

Lane:

6

1

2

MW (kDa)
MW (kDa)

72

92 kDa
86
72 kDa
57 kDa

µ

Densitometer units/ g protein

Lane:

Activated PSC

secretions

secretions

B

41.5

B

Quiescent PSC

1

2

MW (kDa)

72

100

*

90
80
70
60
50
40
30
20
10
0

Human

PSC

Quiescent PSC

Activated PSC

recombinant

secretion

secretions

secretions

MMP2

Figure 1 Matrix metalloproteinase (MMP) secretion by pancreatic
stellate cells (PSCs). (A) Gelatinase activity in conditioned media
obtained from PSCs. The overloaded zymogram shows MMP activity
in cultured PSC secretions. Conditioned media were obtained from
passaged PSC cultures, which were incubated for 24 hours in serum
free culture medium. Lanes 1–3: 150 µg of protein from three
separate cell preparations. Lanes 4–6: 75 µg of protein from three
separate cell preparations. MW, molecular weight. (B) Western blot
analysis for MMP2 in PSC secretions. Lane 1: Recombinant MMP2
(positive control). Lane 2: PSC secretions obtained after 24 hours of
culture with serum free culture medium.

Australia); goat antimouse HRP conjugated antibody (Dako
Corporation, Carpintaria, California, USA). Rat recombinant
TNF-α, TGF-β1, and IL-6 were purchased from Peprotech
(Rocky Hill, New Jersey, USA). Primers for MMP9, TIMP1, and
TIMP2 were synthesised by Invitrogen Pty Ltd. Prestained
broad range protein standards were purchased from Biorad
(Richmond, California, USA). ECL kit was obtained from
Amersham Pharmacia Biotech (Sydney, Australia). The
MasterTaq kit was obtained from Eppendorf Scientific (Westbury, New York, USA). The first strand cDNA synthesis kit was
obtained from MBI Fermentas (Vilnius, Lithuania). Human
recombinant MMP2, TIMP1, and TIMP2 were obtained from
Calbiochem-Novabiochem (Cambridge, Massachusetts, USA).
Ultrafree-0.5 centrifugal filter devices were obtained from
Millipore (Sydney, Australia). BCA protein assay kit was
obtained from Progen (Melbourne, Australia). The HT-1080
cell line was a generous gift from Associate Professor John
Rasko, Centenary Institute of Cancer, Medicine, and Cell Biology, Sydney, Australia.

RESULTS
Gelatinolytic activity in conditioned media from PSCs
Zymography of PSC secretions demonstrated the presence of
numerous MMPs (fig 1A). As seen on the overloaded
zymogram in fig 1A, most gelatinolytic activity appeared to be
concentrated in the area corresponding to the molecular
weight range 60–80 kDa. The most prominent MMP had a
molecular weight of 72 kDa, which was suggestive of MMP2.
Additional distinct bands were also observed corresponding to
molecular weights of 92 kDa and 57 kDa, which was suggestive of MMP9 and MMP13, respectively.
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Figure 2 Matrix metalloproteinase 2 (MMP2) secretion by
quiescent and activated pancreatic stellate cells (PSCs). (A)
Representative western blot for MMP2 expression in quiescent and
activated PSC secretions from the same cell preparation. MW,
molecular weight. (B) Densitometry of all western blots (n=4 separate
cell preparations) showed a significant increase in MMP2 levels in
culture activated PSCs compared with quiescent cell secretions
(*p<0.04, Student’s paired t test).

Western blotting for MMP2
The presence of MMP2 in PSC secretions was confirmed by
western blotting using a monoclonal antibody directed
against both active and latent forms of MMP2 (fig 1B). A single band was detected which corresponded to the molecular
weight of latent MMP2 (72 kDa). MMP2 secretion was
demonstrable with both quiescent and activated PSCs (fig 2A,
2B). However, MMP2 secretion by cells with the activated
phenotype was significantly higher than that by quiescent
cells. Densitometer units were 62.4 (3.7) and 83.1 (9.7) for
quiescent and activated cells, respectively (p<0.04; n=4 separate cell preparations) (fig 2B).
Expression of MMP9
Using RT-PCR, MMP9 expression was observed in five separate
PSC preparations (fig 3A). The PCR product was 280 bp, in
agreement with the reported literature.27 32
Expression of tissue inhibitors of matrix
metalloproteinases (TIMP1 and TIMP2)
RT-PCR revealed expression of both TIMP1 and TIMP2 in all
PSC preparations tested (n=5 separate cell preparations; fig
3B). PCR products were 335 bp and 342 bp for TIMP1 and
TIMP2, respectively, in accordance with the reported
literature.32
TIMP2 activity in conditioned media from PSCs
Reverse zymography demonstrated the presence of functional
TIMP2 in PSC secretions (fig 4A). A single dark band of
molecular weight 21 kDa was detected corresponding to the
positive control (human recombinant TIMP2). However,
despite the use of 20-fold concentrated PSC secretions, this
technique failed to demonstrate any band corresponding to
the positive control for TIMP1 (fig 4A), suggesting that
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Figure 3 Expression of matrix metalloproteinase 9 (MMP9) and
tissue inhibitors of metalloproteinases (TIMP1/TIMP2) in pancreatic
stellate cells (PSCs). (A) Total RNA was extracted from five separate
PSC preparations and analysed for MMP9 by reverse
transcriptase-polymerase chain reaction (RT-PCR). An RNA ladder
was run in lane 1 (std) to determine the size of the PCR products
observed. The negative control (−ve C) in lane 2 contained no RNA
template in the PCR reaction. Glyceraldehyde phosphate
dehydrogenase (GAPDH, lane 3) was used as an internal control.
Lanes 4–8 contain PCR products for MMP9 from five separate cell
preparations. (B) TIMP1 and TIMP2 expression was analysed in total
RNA obtained from five separate PSC preparations by RT-PCR. The
top panel shows TIMP1 expression and the bottom panel TIMP2
expression. Both panels contain an RNA ladder in lane 1 to
determine the size of the PCR products observed.

Figure 4 Tissue inhibitor of metalloproteinase (TIMP) secretion by
pancreatic stellate cells (PSCs). (A) TIMP1 and TIMP2 activity was
analysed using reverse zymography. Lane 1: Human recombinant
TIMP1. Lane 2: Human recombinant TIMP2. Lanes 3–5: PSC
secretions obtained from three separate cell preparations after 24
hours of culture with serum free culture medium. Bands
corresponding to recombinant TIMP2 are visible in PSC secretions.
No bands corresponding to recombinant TIMP1 were found in the
samples. MW, molecular weight. (B) Representative western blot
(n=4 separate cell preparations) for TIMP2 expression in cells after
24 hours of culture with serum free culture medium. Lane 1: Human
recombinant TIMP2. Lane 2: PSC secretions.
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although PSCs express mRNA for TIMP1, secretion of the corresponding protein is either absent or in amounts too low to be
detectable by this method.

Effect of TGF-β1, IL-6, and TNF-α on MMP2 secretion
Having determined that PSCs can secrete MMPs and that the
predominant MMP is MMP2, the next issue addressed by this
study was the effect of known PSC activating factors on
MMP2 secretion by these cells. The effect of TGF-β1, IL-6, and
TNF-α (at concentrations previously observed to activate
PSCs1 33) on MMP2 secretion was analysed by densitometry of
western blots. MMP2 secretion by PSCs was significantly
increased by TGF-β1 (fig 5A, 5B; n=5 separate cell preparations) at concentrations of 0.5 ng/ml (145.8 (47.8)% of
control; p<0.05) and 1 ng/ml (166.6 (40.1)% of control;
p<0.05). Similarly, incubation with IL-6 significantly increased MMP2 secretion (fig 6A, 6B; n=5 separate cell prepa-

Control
B

Densitometer units (% of control)

Western blotting for TIMPs
The presence of TIMP2 in PSC secretions was also confirmed
by western blotting using a monoclonal antibody directed
against TIMP2 (fig 4B). A single band of molecular weight 21
kDa was detected corresponding to human recombinant
TIMP2 (positive control). However, western blotting failed to
demonstrate any band corresponding to the positive control
for TIMP1 (data not shown).
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Figure 5 Effect of transforming growth factor β1 (TGF-β1) on
matrix metalloproteinase 2 (MMP2) secretion by pancreatic stellate
cells (PSCs). (A) Representative western blot for MMP2 expression in
cells incubated for 24 hours with either culture medium alone
(Control) or TGF-β (0.5 or 1 ng/ml). (B) Densitometry of all western
blots (n=5 separate cell preparations) showed a significant increase
in MMP2 levels in PSCs incubated with 0.5 ng/ml and 1 ng/ml
TGF-β1 compared with controls (*p<0.05).
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Figure 6 Effect of interleukin 6 (IL-6) on matrix metalloproteinase 2
(MMP2) secretion by pancreatic stellate cells (PSCs). (A)
Representative western blot for MMP2 expression in cells incubated
for 24 hours with either culture medium alone (Control) or IL-6 (0.01,
0.1, or 10 ng/ml). (B) Densitometry of all western blots (n=5
separate cell preparations) demonstrated a significant increase in
MMP2 levels in PSCs incubated with 0.1 ng/ml and 10 ng/ml IL-6
compared with controls (*p<0.05).

rations) at 0.1 ng/ml (168.2 (41.5)% of control; p<0.05) and
10 ng/ml (176.2 (49.6)% of control; p<0.05). In contrast,
TNF-α at concentrations of 5 U/ml (122.2 (19.9)% of control),
10 U/ml (76.9 (13.3)% of control), and 25 U/ml (95.4 (12.2)%
of control; n=5 separate cell preparations) had no significant
effect on MMP2 secretion by PSCs.
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Figure 8 Effect of ethanol and its metabolite acetaldehyde on
tissue inhibitor of metalloproteinase 2 (TIMP2) secretion by
pancreatic stellate cells (PSCs). (A) Representative western blot for
TIMP2 expression in cells incubated for 24 hours with either culture
medium alone (Control), ethanol (50 mmol/l; E50), or acetaldehyde
(200 µmol/l; A200). (B) Densitometry of all western blots (n=3
separate cell preparations) showed that both ethanol (E50) and
acetaldehyde (A200) significantly increased TIMP2 secretion by
PSCs compared with controls (E50, **p<0.01; A200 ***p<0.006).

Effect of ethanol and its metabolite acetaldehyde on
MMP2 secretion
Ethanol at concentrations of 10 and 50 mmol/l significantly
increased secretion of MMP2 by PSCs compared with control
cells incubated with serum free culture medium alone (fig 7A,
7B; n=5 separate cell preparations). Densitometer units were
169.2 (33.8)% of control (p<0.05) and 174.3 (31.7)% of
control (p<0.05) for 10 mmol/l and 50 mmol/l of ethanol,
respectively. Similarly, acetaldehyde (150 and 200 µmol/l) significantly increased MMP2 secretion to 218.46 (83.8)% of
control (p<0.05) and 145.5 (13.7)% of control (p<0.05),
respectively (fig 7B).
Effect of ethanol and its metabolite acetaldehyde on
TIMP2 secretion
Both ethanol (50 mM) and acetaldehyde (200 µM) significantly increased TIMP2 secretion by PSCs compared with
control cells incubated with serum free culture medium alone
(fig 8A, 8B; n=3 separate cell preparations). Densitometer
units were 148.6 (9.5)% of control (p<0.01) and 157.9 (3.7)%
of control (p<0.006) for ethanol and acetaldehyde, respectively (fig 8B).

*

150

DISCUSSION

100
50
0

Densitometer units (% of control)

B

Densitometer units (% of control)

Control

C

E10

E50

A150

A200

Figure 7 Effect of ethanol and its metabolite acetaldehyde on
matrix metalloproteinase 2 (MMP2) secretion by pancreatic stellate
cells (PSCs). (A) Representative western blot for MMP2 expression in
cells incubated for 24 hours with either culture medium alone
(Control), ethanol (10 and 50 mmol/l; E10 and E50, respectively) or
acetaldehyde (150 and 200 µmol/l; A150 and A200, respectively).
(B) Densitometry of all western blots (n=5 separate cell preparations)
showed that both ethanol (E10 and E50) and acetaldehyde (A150
and A200) significantly increased MMP2 secretion by PSCs
compared with controls (*p<0.05).
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This study has shown that PSCs have the capacity to synthesise and secrete a number of matrix degrading enzymes,
including MMP2 (the predominant MMP in PSC secretions),
MMP9, and MMP13. MMP2 secretion was demonstrable with
both quiescent and activated PSCs but the amount of MMP2
produced by quiescent PSCs was significantly lower than that
produced by the activated phenotype. PSC activating factors
such as ethanol and acetaldehyde and the cytokines TGF-β1
and IL-6 increased MMP2 secretion by cells. This study has
also demonstrated the presence of messenger RNA for the tissue inhibitors of metalloproteinases TIMP1 and TIMP2 in
PSCs. However, at the protein level, only TIMP2 was detectable
in PSC secretions. Production of this inhibitor by PSCs was
significantly increased by both ethanol and acetaldehyde.
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The finding that PSCs can synthesise and secrete MMPs is
an important one because it suggests that in addition to their
well documented role in ECM synthesis, PSCs may also play a
role in ECM degradation. The predominant MMP secreted by
PSCs was latent MMP2. This is in accordance with studies by
Knittel and colleagues32 demonstrating that hepatic stellate
cells (HSCs) are a major source of MMP2 in the liver and that
the MMP2 secreted is largely in the latent form. In the present
study, zymography results suggested that PSCs also secrete
MMP9. The capacity of PSCs to synthesise MMP9 was
supported by RT-PCR studies. These findings are in agreement
with previous reports that HSCs can synthesise and secrete
MMP9.32 Zymography results presented in this study also suggested the presence of MMP13 in PSC secretions. This finding
concurs with a recent study demonstrating that HSCs express
messenger RNA for MMP13.34 Both MMP2 and MMP9 are
known to degrade basement membrane collagen while
MMP13 is known to degrade fibrillar collagen.
It may appear paradoxical that cells that promote fibrogenesis by deposition of excess fibrillar collagen also secrete proteases that degrade fibrillar collagen (MMP13). However, as
has been documented by studies in the liver, fibrogenesis is a
complex process resulting from an overall imbalance between
ECM synthesis and ECM degradation.35 Studies with HSCs
have established that when activated, HSCs synthesise
increased ECM proteins, particularly fibrillar collagen, but
shut down expression of proteases such as MMP13 (which
degrades fibrillar collagen).15 36–38 Together, these changes may
facilitate the profibrogenic action of activated stellate cells.
Increased MMP2 secretion by PSCs may be profibrogenic in
two ways. Firstly, increased degradation of normal basement
membrane collagen (type IV) by MMP2 may facilitate the
deposition of pathological fibrillar collagen in the gland. Secondly, MMP2 may exert a proliferative effect on PSCs (in a
manner similar to that reported for HSCs39), leading to an
increase in the number of activated PSCs at sites of injury and
consequent increase in collagen synthesis.
Regulation of ECM synthesis and degradation by MMPs
and their inhibitors (TIMPs) is a complex process. In general,
TIMPs inhibit MMP activity by binding to the active site of
MMPs with a 1:1 stoichiometry, in a reversible and
non-covalent manner.35 However, TIMPs have also been shown
to play a role in regulating the activation of MMPs from their
latent forms. For example, TIMP2, at low concentrations, is
known to facilitate activation of MMP2 by acting as a bridging
molecule linking the C terminal of proMMP2 to the N terminal of MT1-MMP (the MMP that activates proMMP2).35 On
the other hand, at high concentrations, TIMP2 binds to
proMMP2 and inhibits its activation by MT1-MMP.35
The present study has shown that culture activated PSCs
express mRNA for both TIMP1 and TIMP2. In order to assess
secretion of the corresponding proteins by cells, reverse
zymography was performed. This technique demonstrated the
presence of TIMP2 in PSC secretions which concurs with
findings in HSCs.38 40 However, despite the use of 20-fold concentrated PSC secretions, TIMP1 could not be detected in our
samples, suggesting that TIMP1 mRNA may not be translated
in PSCs or, if translated, may be secreted in amounts too low
to be detectable by standard techniques. The lack of
demonstrable TIMP1 in PSC secretions contrasts with reports
of the presence of TIMP1 in HSC secretions by reverse
zymography.40
TIMP2 secretion was found to be induced by the PSC activating factors ethanol and acetaldehyde. This finding is similar to previously reported results with HSCs demonstrating a
significant increase in TIMP expression during cell
activation.38 40 Our study revealed that the amount of MMP2
secreted by PSCs was of an order of magnitude higher than the
amount of TIMP2 secretion, as MMP2 was easily detected by
zymography of unconcentrated PSC secretions but TIMP2
could only be detected by reverse zymography of 20-fold con-
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centrated PSC secretions. Thus even though the ethanol and
acetaldehyde induced increase in MMP2 was accompanied by
an increase in TIMP2, the increase in the latter may not be
sufficient to inhibit net MMP2 activity, particularly given that
TIMP2 binds to MMP2 in a 1:1 stoichiometry. Furthermore, in
view of the fact that low concentrations of TIMP2 can activate
MMP2, the observed increase in TIMP2 may potentiate the
matrix degradative effect of MMP2.
The proinflammatory cytokines examined in this study
(TNF-α and IL-6) are known to be elevated in both pancreatic
tissue and serum of patients with acute pancreatitis.41 Serum
levels of these cytokines correlate directly with the severity of
disease.42–45 Overexpression of TGF-β has been described in
human chronic pancreatitis.46 47 In vitro studies have demonstrated that PSCs are activated (as indicated by increased cell
proliferation, α-smooth muscle actin, and/or collagen synthesis1 33) by these cytokines. It was therefore of interest to examine the effect of these cytokines on MMP2 secretion by PSCs.
Our study revealed that TGF-β1 and IL-6 both significantly
increased MMP2 secretion while TNF-α had no effect. Our
findings with TGF-β1 are similar to those described in a recent
study of rat PSCs by Shek and colleagues.48 With respect to
HSCs, the effect of TGF-β1 appears to be controversial with
both upregulation49 and no change in MMP2 expression
reported.32 To the best of our knowledge, there have been no
published studies to date regarding the effects of TNF-α and
IL-6 on MMP secretion by PSCs. However, our results with
TNF-α concur with reports in HSCs32 showing that TNF-α had
no significant effect on MMP2 expression or secretion by these
cells.
We have previously demonstrated that PSCs are activated by
clinically relevant concentrations of ethanol (a major association of chronic pancreatitis) and its metabolite
acetaldehyde.3 In the current study, we found that these compounds induced MMP2 and TIMP2 secretion by PSCs. To date,
there are no reports of the effect of ethanol on MMP and TIMP
secretion by either PSCs or HSCs. However, acetaldehyde has
been shown to upregulate MMP2 gene expression in HSCs
cultured from normal human livers.50
In summary, this study has demonstrated that PSCs have
the capacity to synthesise and secrete matrix degrading
enzymes and their inhibitors, lending support to the concept
that these cells may play a role in the regulation of ECM degradation. The fact that PSCs secrete MMP2 even in their quiescent phase suggests that in the normal pancreas, PSCs play
a role in maintenance of the normal ECM by regulating both
ECM synthesis and degradation. In the diseased pancreas,
increased MMP2 secretion by PSCs in response to factors such
as TGF-β1, IL-6, ethanol, and acetaldehyde could result in
increased basement membrane degradation, which in turn
could facilitate the deposition of fibrillar (pathological) collagen leading to the development of fibrosis in the gland.
Further studies in this area may help identify novel molecular
targets that could be modulated to alter the function of PSCs
with respect to ECM degradation thereby preventing/
ameliorating the development of fibrosis in chronic pancreatitis.
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