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ABSTRACT

Background/objectives: Wnt/B-catenin signalling plays vital roles in tissue homeostasis. Dysregulation of
the pathway has been implicated in the pathogenesis of cancer and fibroses in numerous tissues,
including the pancreas. We studied the effect of microenvironmental changes pertaining to fibrotic tissue
remodelling on the expression of selected Wnt/B-catenin pathway proteins in the human exocrine
pancreas. The role of acinar/stellate cross-talk on the expression of the proteins was elucidated in a long-
term mouse co-culture system.

Methods: Expression of B-catenin, Wnt2, Wnt5a and SFRP4 was analysed immunohistochemically in
normal and moderately or highly fibrotic human pancreata (n = 8). The effect of humoral interactions on
the expression of the proteins was studied by immunocytochemical means in parallel mono- and co-
cultures of mouse acinar and stellate cells (PSCs).

Results: In human pancreatic tissue, fibrotic microenvironment was associated with redistribution of the
proteins in and between epithelial and stromal compartments, compared to acinar-rich tissue. In non-
fibrotic and moderately fibrotic tissue the proteins appeared only in acinar cells whereas in highly
fibrotic tissue stromal fibroblastoid/stellate cells and macrophages were their predominant locations.
Subcellular changes in the expression of B-catenin and Wnt5a were detected. Our in vitro data suggest
potential involvement of acinar cell/PSC cross-talk in mediating the changes observed in tissue
specimens.

Conclusions: Wnt/B-catenin pathway-associated proteins are abundantly expressed in the exocrine
pancreas with prominent changes in their cellular and subcellular expression patterns along with
increasing levels of fibrosis. Diverse functions for Wnt/B-catenin signalling during the course of fibrotic
remodelling in the exocrine pancreas are suggested.

© 2019 IAP and EPC. Published by Elsevier B.V. All rights reserved.

Introduction

ligands, the Frizzled (Fzd) family of membrane receptors and B-
catenin [1,2]. In canonical Wnt/B-catenin signalling, binding of a

The Wnt/B-catenin signalling cascade is an evolutionary
conserved pathway that plays a fundamental role in directing
morphogenesis during embryonic development and maintaining
tissue homeostasis in adult organisms [1,2]. Dysregulation of the
pathway has been implicated in developmental abnormalities as
well as the pathogenesis of various proliferative diseases, such as
cancer and fibroses [1—4].

Central components of the Wnt/B-catenin pathway include Wnt
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Wnhnt ligand to Fzd assigns B-catenin to translocate from the cyto-
plasm to the nucleus to modulate transcription. Besides gene
regulation, B-catenin plays a central role as a structural component
of adherens junctions. The coordination and interchangeability of
the two roles are, as yet, not completely understood [1,2,5]. Some of
the 19 Whnts identified in vertebrates also operate in non-canonical
pathways independently of f-catenin. While mainly activating the
non-canonical signalling cascades, such Wnts can also either
inhibit or activate the canonical Wnt/B-catenin pathway, depend-
ing on the cellular context [6—8]. Further regulation to Wnt/B-
catenin signalling is afforded by a wide range of intra- and extra-
cellular agonists and antagonists [9], including the secreted
frizzled-related protein (SFRP) family of Wnt inhibitors [10].
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Transcripts of a vast array of Wnt/B-catenin pathway-associated
factors have been detected in the endocrine and exocrine com-
partments of the adult human pancreas [11]. They have been shown
to take part in normal pancreas development, growth and regen-
eration [12], and their involvement in the pathogenesis of chronic
pancreatitis and pancreatic adenocarcinoma has been suggested
[13]. Both autocrine [14,15] and paracrine [16—18] signalling
mechanisms for Wnt/B-catenin have been described in pancreatic
cancer, the latter being mediated by stromal cells. Moreover, SFRP4
produced by PSCs has been shown to modulate the cancer micro-
environment [16,19].

Pancreatic stellate cells (PSCs) are central contributors to the
fibrotic remodelling of the stromal compartment in pancreatitis
and cancer [20]. Their persistent activation in chronic pancreatitis
has been associated with aberrant regulation of Wnt/B-catenin
signalling [21,22]. Suppression of Wnt/B-catenin signalling in PSCs
has been shown to inhibit their activation and to ameliorate fibrosis
in pancreatic diseases [16,22].

In addition to displaying specific individual functions, the Wnt/
B-catenin pathway is known to act cooperatively with other regu-
latory pathways such as those of TGF-f and NFkf [23,24]. Both
these signalling systems have previously been implicated in
pancreatic inflammation, fibrosis and cancer [25—27].

The aim of the present study was to provide further insight into
Wnt/B-catenin signalling in the exocrine pancreas in relation to
fibrotic tissue remodelling. Antibodies against a set of proteins
associated with the Wnt/B-catenin pathway were used to compare
their cellular and subcellular expression in non-fibrotic and fibrotic
human tissue samples. The targets of interest included B-catenin,
Wnt2 and Wnt5a representing canonical and non-canonical li-
gands, respectively, and SFRP4. The effect of cross-talk between
acinar cells and PSCs on the expression of the antigens was
examined using the long-term mouse co-culture technique devel-
oped in our laboratory [28].

Materials and methods
Human pancreatic tissue

Tissue specimens were taken from the tumour-free resection
line of pancreata from subjects undergoing pancreatic surgery at
the Tampere University Hospital, fixed in 4% formaldehyde and
embedded in paraffin. The indications for pancreatic resection were
adenocarcinoma (n=7) and serous cystic neoplasm (n=1). Ac-
cording to histological structure, three non-fibrotic tissues and five
samples with varying degrees of fibrosis were proceeded for
immunohistochemical analyses. One of the latter represented
moderate and four highly fibrotic histology. The use of human
pancreatic tissue for research purposes was approved by the Ethics
Committee of Tampere University Hospital (decision number
R07209).

Mono- and co-culture of mouse acinar cells and PSCs

Pancreatic acinar cells and PSCs were obtained from healthy
mice of the strain c57BL/6]JOlaHsd (Harlan, the Netherlands).
Approval for the use of mice as donors of pancreatic tissue for
in vitro experiments was obtained from the Institutional Animal
Welfare Committee. Acinar cells and PSCs were prepared and cry-
opreserved for on demand use as previously described [29,30].
After thawing, monocultures of each cell type and parallel co-
cultures were established using the experimental protocol intro-
duced by Blauer et al. [28]. Acinar-to-PSC ratio at the onset of co-
culture was approximately 1:1. The cultures were maintained for
4 days at 37 °C in a humidified atmosphere of 5% CO5 in air and half

the volume of the culture medium was renewed every day. The
cultures were terminated by fixation in 2% formaldehyde.

Immunohisto- and cytochemistry

After deparaffination and antigen unmasking in citrate buffer
(pH 6.0) 5 pm-thick tissue slices of the human pancreatic samples
were probed with rabbit primary antibodies against selected Wnt/
B-catenin pathway proteins. The selection was made based on
previous studies on their involvement in pancreatic physiology
and/or pathophysiology [11,13,16,21,22]. Anti-B-catenin (ab16051),
anti-Wnt2 (ab109222) and anti-SFRP4 (ab154167) antibodies were
purchased from Abcam, Cambridge, UK and the one against Wnt5a
(PA5-72454) was from Thermo Fisher Scientific, Rockford, IL.
Antibody dilutions were 1:100 for anti-B-catenin and anti Wnt2
and 1:500 and 1:50 for the antibodies against Wnt5a and SFRP4,
respectively. The staining was performed with the Histostain Plus
Broad Spectrum kit from Life Technologies, Frederick, MD, followed
by chromogenic detection using diaminobenzidine (DAB) as the
substrate (DAB Substrate Kit, Thermo Fisher Scientific).

The above primary antibodies with the same dilutions (except
for SFRP4 1:100) were also used for staining the mono- and co-
cultures of mouse pancreatic acinar and PSCs. Before
commencing the immunocytochemical procedure as previously
described [28], the cells were permeabilized with 94% ethanol.

Negative controls for immunohisto- and cytochemical stainings
were performed by substituting plain antibody dilution medium
for the primary antibodies (Supplement 1). Four human carcinoma
cell lines including MCF-7 (mammary), PANC-1 (pancreas) and
VCaP and PC-3 (prostate) together with our in-house primary
epithelial cell line P100E originating from human prostatic hyper-
plasia were used to validate the antibodies in Western blotting and
immunocytochemical analyses (Supplement 2). The analyses
showed that the antibodies were able to detect their corresponding
antigens by both methods.

Quantitation

Differences in the localization or intensity of immunopositive
staining between non-fibrotic and moderately fibrotic tissue areas
as well as between mono- and co-cultures were quantitated.
Quantitation was performed only on stainings permitting objective
differentiation between positivity vs negativity or high vs low in-
tensity. These included nuclear B-catenin and Wnt5a in human
tissues, nuclear Wnt5a and cytoplasmic SFRP4 in mouse acinar
cells, and nuclear B-catenin and cytoplasmic SFRP4 in mouse PSCs.
Six randomly picked microscopic areas of tissue sections or of cells
in two independent cultures were analysed (200x magnification).
In human tissues, cross sections of whole acini were calculated and
acini showing at least one immunopositive cell were regarded as
positive. The data were presented as mean + SEM.

Results

Results of the immunohistochemical analyses performed on
human pancreatic tissue specimens are presented in Fig. 1 and
representative immunocytochemical stainings from three inde-
pendent in vitro experiments are illustrated in Fig. 2. A schematic
summary of the tissue and in vitro data is depicted in Fig. 3 and a
graphic presentation of their quantitative analysis is shown in
Supplement 3.
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Fig. 1. Wnt/B-catenin pathway-associated proteins in human pancreatic tissue. The
picture shows immunoreactivity of B-catenin, Wnt2, Wnt5a and SFRP4 in represen-
tative specimens of non-fibrotic (a-d), moderately fibrotic (e-h) and highly fibrotic (i-I)
tissue areas. Arrows in (a-h) indicate immunoreactivity in representative acinar cells.
In (i-) arrows and arrowheads point at immunopositive fibroblastoid/stellate cells and
macrophages, respectively. Open arrow in (i) indicates positive expression in acinar
cells. Bars 50 um. IL = islet of Langerhans.
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Fig. 2. Wnt/B-catenin pathway-associated proteins in mono- and co-cultures of mouse
pancreatic acinar cells and PSCs. Acinar cells (a-h) and PSCs (i-p) were maintained in
parallel mono- and co-cultures for 4 days and thereafter subjected to immunocyto-
chemical analyses of B-catenin, Wnt2, Wnt5a and SFRP4. Representative immuno-
positive cells are indicated with arrows. Bars 50 um; in a and d 25 pm.

Expression Wnt/(-catenin pathway-associated proteins in human
pancreatic tissue

All non-fibrotic tissues displaying normal pancreatic tissue ar-
chitecture were identical in their expression and distribution of the
Wnt/B-catenin-associated proteins studied (Fig. 1a—d). An intense
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Fig. 3. Schematic representation of the expression of B-catenin, Wnt2, Wnt5a and
SFRP4 in human pancreatic tissue samples (a-c) and in mono-and co-cultures of mouse
acinar cells and PSCs in vitro (d-f). The expression pattern of the studied proteins was
closely similar in acini in the non-fibrotic tissue microenvironment (a) and in acinar
cell monocultures (d), with an intense membrane expression of B-catenin. The inter-
acinar stroma in non-fibrotic tissue was immunonegative (a). Prominent subcellular
changes compared to (a) and (d) were detected in the acinar cell expression of the
proteins in moderately fibrotic tissue areas (b) and in acinar/PSC co-cultures (e). Note
the nuclear location of B-catenin and Wnt5a in (b) and the nuclear expression of
Wnt5a and perinuclear distribution B-catenin and SFRP4 in (e). Stromal cells in
moderately fibrotic tissue remained immunonegative (b). All proteins were detected in
the cytoplasmic compartment of co-cultured PSCs (e). In acinar cells surrounded by
dense fibrosis immunoreactivities were weak or absent (c) whereas stromal fibro-
bastoid/stellate cells and macrophages expressed varying intensities of all the proteins
studied. Nuclear expression of B-catenin was displayed in a subset of stromal fibro-
bastoid/stellate cells (c) as well as in a number of monocultured PSCs (f).

B-catenin staining was found localized at the acinar cell membrane
(Fig. 1a). Acinar cells also showed a strong cytoplasmic expression
of SFRP4 (Fig. 1d), whereas only a faint positive reaction for both
Wnt2 and Wnt5a could be detected (Fig. 1b and c). The interacinar
stroma of these tissues was negative for all the proteins studied.

Along with the diminishing amount of tissue areas occupied by
acinar cells in fibrotic samples, the stroma became the major site of
expression of the Wnt/B-catenin pathway-associated factors.
Moreover, the cellular and subcellular expression of the examined
proteins showed greater variability between individual specimens.

Moderate fibrosis in the tissue (Fig. 1e—h) resulted in reduced
partial or focal membrane staining of B-catenin in acinar cells
(Fig. 1e) compared to those in histologically normal tissue (Fig. 1a).
Positive B-catenin expression was also observed in scattered nuclei
(Fig. 1e, arrows) and the cytoplasm of acinar cells together with
locally varying intensities of Wnt2 (Fig. 1f) and SFRP4 (Fig. 1h)
immunoreactivities. The percentage of B-catenin-positive acini (at
least one immunopositive nucleus in a cross-section) was
28.2 +2.7% (mean + SEM) in moderately fibrotic tissue areas and
3.3 + 1.5% in histologically normal samples (S3). In addition to the
cytoplasm, Wnt5a was also found localized in numerous
(71.7 £ 13.4%) acinar cell nuclei (Fig. 1g, inset).

In highly fibrotic tissue areas (Fig. 1i—1) a small number of cells
in isolated acinar foci surrounded by dense fibrotic tissue expressed
membrane-associated f-catenin (Fig. 1i, open arrow). Strong
staining of B-catenin was present in the fibroblastoid/stellate cells
of all non-tumour pancreatic samples from adenocarcinoma pa-
tients (Fig. 1i, arrow) but absent from the tissue obtained from the
subject with serous cystic neoplasm. Also the other proteins
showed low/non-detectable immunoreactivities in this sample.
The intensity of Wnt2 (Fig. 1j) staining in the fibroblastoid/stellate
cells of highly fibrotic samples from adenocarcinoma patients was
highly variable, while Wnt5a (Fig. 1k) remained constantly low.
SFRP4 (Fig. 11) was undetectable in these cells with the exception of
one specimen that also showed the strongest expression of p-cat-
enin and Wnts. Wnt2, Wnt5a and SPRP4 expression was
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undetectable/low in acinar cells surrounded by dense fibrotic tissue
areas (Fig. 1j upper right corner and insets in Fig. 1k and I).

Macrophages, when present in the fibrotic samples, were shown
to intensely express Wnt2, Wnt5a and SFRP4 (Fig. 1i—k, arrow-
heads). B-catenin expression was only detected in few scattered
macrophages (Fig. 1i, arrowhead).

Expression Wnt/(-catenin pathway-associated proteins in mono-
and co-cultures of mouse pancreatic acinar cells and PSCs

The level of expression and the cellular distribution of B-catenin,
Wnt2, Wnt5a and SFRP4 in acinar cells maintained in monoculture
(Fig. 2a—d) were similar to those observed in non-fibrotic human
tissue (Fig. 1a—d). Immunoreactive B-catenin resided predomi-
nantly at the cell membrane (Fig. 2a) and SFRP4 staining was
localized in the cytoplasm (Fig. 2d) with strong expression detected
in 14.8 + 9.5% of cells (S3). The expression of both Wnts was at a low
level (Fig. 2b and c). The number of cells displaying nuclear
expression of Wnt5a amounted 3.3% + 0.0 of the monocultured
acinar cells. In acinar cells co-cultured with PSCs (Fig. 2e—h), B-
catenin staining was mainly in the perinuclear cytoplasm (Fig. 2e).
A faint membrane expression of f-catenin was seen in areas where
cell-cell contacts remained intact (Fig. 2e). No change in Wnt2 was
observed in co-cultured acinar cells compared to monoculture
(Fig. 2f). An approximately 3.6-fold increase in the expression level
of SFRP4 (Fig. 2h) was detected, and the number of cells displaying
Wnt5a-positive nuclei increased 6.6-fold compared to mono-
cultured acinar cells (Fig. 2g).

In PSC monocultures (Fig. 2i—1) B-catenin was observed in the
nuclear and cytoplasmic compartments of the cells (Fig. 2i). Nuclear
immunopositivity was observed in 29.9 + 1.3% of monocultured
PSCs (S3). Wnts (Fig. 2j and k)were negative or present at a low
level while SFRP4 showed strong immunoreactivity in 20.0 + 7.1%
of cells. Co-culture with acinar cells (Fig. 2m—p and 3e) almost
completely abolished nuclear B-catenin (Fig. 2m). The expression
level of both Wnts remained low (Fig. 2n and o), while the amount
of cells with high expression of SFRP4 increased around 3-fold
(Fig. 2p).

The summary in Fig. 3 schematically demonstrates the observed
similarities in the distribution of the Wnt/B-catenin pathway
associated proteins in acinar cells in non-fibrotic tissues (Fig. 3a)
and acinar cell monocultures (Fig. 3d). Their redistribution associ-
ated with increased fibrosis (Fig. 3b) or the presence of PSCs in co-
cultures (Fig. 3e) is also seen to follow a similar pattern. Reduced
expression of Wnt/B-catenin pathway-associated proteins is
evident in acini and stromal fibroblastoid/stellate cells in highly
fibrotic tissue areas (Fig. 3c) as well as in monocultured PSCs
(Fig. 3f). Macrophages colonising highly fibrotic tissues, on the
other hand, abundantly express the Wnt/B-catenin pathway-
related factors studied (Fig. 3c).

Discussion

Fibrosis in the tissue microenvironment and acinar cell/PSC
cross-talk in vitro were shown to evoke prominent changes in the
cellular and/or subcellular expression of f-catenin, Wnt2, Wnt5a
and SFRP4 compared to acinar-rich tissue monocultured cells,
respectively. The present data suggest diverse functions for the
molecules during fibrotic tissue remodelling in the pancreas.

The predominant expression of B-catenin at the cell membrane
of acinar cells in non-fibrotic human pancreatic tissue as well as in
mouse acinar cell monocultures agrees with its established role as a
structural component of adherens junctions [1,2]. That transcrip-
tional B-catenin signalling may be in a lesser role in normal acinar
cell-rich tissue was further supported by the low expression of

Wnt2 and the presence of SFRP4 in acinar cells both in vivo and
in vitro. It has been shown previously that B-catenin signalling is
not required for the survival and phenotypic maintenance of
mature pancreatic acinar cells [13]. Our present data concerning
acini in histologically normal human tissue and the dense and
functionally adept cell population in acinar cell monocultures
[28,29] are in agreement with this observation. f-catenin seems to
be, however, indispensable for the physiological and regenerative
proliferation of acinar cells which is known to promote tissue repair
e.g. after acute pancreatitis [12,31].

Adjacent fibrosis in the tissue and the presence of PSCs in co-
cultures resulted in redistribution of B-catenin immunoreactivity
into the cytoplasm and nuclei of acinar cells, the latter suggesting a
switch towards transcription activation. That the ligands stimu-
lating the canonical pathway in moderately fibrotic tissue were
most likely provided by the exocrine cells was proposed by the
concurrent up-regulation of acinar cell Wnt2. In highly fibrotic
tissue, however, these functions appeared to be abolished. In co-
cultured acinar cells the observed perinuclear f-catenin staining
was associated with disruption of cell-cell contacts and scattering
of the monolayer [28]. Similarly, cell morphology and confluency
have previously been observed to control the subcellular localiza-
tion of B-catenin in vitro [32,33]. The concomitant loss of secretory
differentiation of acinar cells in humoral contact with PSCs may also
have affected B-catenin localization in our co-culture environment
[28].

Unlike Wnt2, the expression of Wnt5a was strongly increased in
co-cultured acinar cells compared to those in monocultures. The
detected nuclear accumulation of the molecule suggests a direct
non-canonical transcription activation in response to PSC-mediated
cues. Interestingly, similar subcellular expression pattern for Wnt5a
was observed also in acini residing in moderately fibrotic tissue
areas. Nuclear Wnt5a has previously been described in the context
of various cancers [34—36].

The SFRPs are the largest family of Wnt antagonists [10]. SFRPs
resemble the ligand-binding domain of Fzds and are able to
extracellularly inhibit ligand-receptor interactions. Ours is the first
study to show SFRP4 protein expression in pancreatic acinar cells.
In an earlier study using RT-PCR analysis Heller et al. reported
SFRP1, 4 and 5 transcripts in the exocrine fraction from an islet
isolation procedure [11], their exact cellular source remaining,
however, undefined. Besides adding to the tissue pool of pathway
inhibitors, the SFRPs produced by acinar cells may be exerting
regulatory effects unrelated to Wnt inhibition [10].

Persistent activation of stellate cells is the key event in the
development of organ fibrosis in the liver and the pancreas [37].
Wnt/B-catenin signalling partakes in this process and its inhibition
has been shown to restore stellate cell quiescence [16,21,22,38]. Our
present data showing up-regulation of Wnt2 and B-catenin in PSCs
in highly fibrotic human tissue samples are in agreement with
earlier reports on the roles of Wnt/B-catenin signalling in hepatic
and pancreatic fibroses [16,21,22,38]. Previously imbalanced
negative regulation of the pathway in PSCs has been implicated in
the etiology of chronic pancreatitis [21] and its suppression has
emerged as a potential means to ameliorate pancreatic fibrosis [22].
Our samples displayed individual variation in the expression levels
of the molecules, indicating physiological differences in their tissue
microenvironment.

We have previously shown that PSCs maintained in co-culture
with acinar cells exhibit increased activation compared to mono-
cultures [28]. As activated B-catenin signalling has been associated
with increased activation in PSCs [16,21,22,38], our present obser-
vation showing nuclear B-catenin in PSC monocultures instead of
co-cultures was unexpected. PSCs in close contact with each other
in the monoculture population were, however, inclined to activate
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the pathway, most probably by self-produced Wnt ligands. This
resembled the expression pattern of the molecules in highly fibrotic
tissue areas lacking the paracrine influence of acinar cells. It re-
mains to be examined whether B-catenin translocation from nuclei
to cytoplasm in co-cultures was mediated by the inhibitory action
of SFRP4, whose expression in acinar cells as well as PSCs increased
in the co-culture setting. As an indication of SFRP-mediated regu-
lation in PSCs, Carapuca et al. [19] showed that in vitro induction of
PSC quiescence was associated with enhanced secretion of SFRP4
which, in turn, reduced nuclear B-catenin in the cells. Hyper-
methylation or loss of SFRP4 have been associated with the path-
ogenesis of pancreatic cancer [39,40], further underscoring the
importance of the molecule for pancreatic tissue homeostasis.

Macrophages turned out to be another cell type expressing Wnt/
B-catenin pathway-associated molecules in the fibrotic stroma of
human pancreatic specimens. Macrophages are known to play
important regulatory roles in ontogeny and adult tissue homeo-
stasis [41]. They display great diversity in phenotype and function
in response to variable microenvironmental signals and are inti-
mately involved in tissue repair and the development and pro-
gression of pathologic conditions such as cancer, inflammatory
diseases and fibrosis [41]. In fibroses, not only pro-fibrotic but also
anti-fibrotic activities for regulatory macrophages have been
identified. In chronic pancreatitis macrophages have been sug-
gested to promote fibrosis via cross-talk with PSCs [42]. They have
also emerged as active players in the progression of acute pancre-
atitis [43].

Among other regulatory molecules, Wnts are known to be
delivered by macrophages upon tissue injury to facilitate homeo-
static repair and regeneration [41]. In the process Wnts enhance
myofibroblast activation and deposition of extracellular matrix
components. In macrophages themselves Wnt/B-catenin signalling
has been shown to regulate polarization [44] and to promote
motility and adhesion [45]. According to our present data, macro-
phages appear to be major contributors of Wnt ligands and SFRP4
to the microenvironment of pancreatic fibrosis. The expression and
diverse regulatory functions of molecules related to Wnt/B-catenin
signalling in macrophages have previously been described in a
variety of other organs, including the intestine [46], kidney [44] and
liver [47].

In conclusion, our study showed distinct cellular and subcellular
alterations in the expression of B-catenin, Wnt2, Wnt5a and SFRP4
along with increased fibrosis in human pancreatic tissue. Some of
the alterations could be associated with acinar-PSC cross-talk in the
mouse co-culture setting, rendering the culture system a relevant
tool for studying pancreatic Wnt/fB-catenin signalling in vitro. Our
novel observation of an abundance of immunoreactive SFRP4 in
acinar cells in addition to PSCs warrants further studies on its
regulatory activities in pancreatic tissue. The introduction of mac-
rophages as another source of Wnt/B-catenin pathway-associated
proteins in fibrotic pancreata emphasizes the central role of the
signalling system in pancreatic pathophysiology.
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