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ORIGINAL ARTICLE

Activated pancreatic stellate cells can impair pancreatic islet function in
mice
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Abstract
Background. Pancreatic or islet fibrosis is often associated with activated pancreatic stellate cells (PSCs). PSCs are considered
not only to promote fibrosis, but also to be associated with glucose intolerance in some diseases. We therefore evaluated
morphological and functional relationships between islets and PSCs in the normal mouse pancreas and transplanted islets.
Methods. Immunohistochemistry was used to map the presence of PSCs in the normal mouse pancreas and islets implanted
under the renal capsule. We isolated and cultured mouse PSCs and characterized them morphologically by immunofluo-
rescence staining. Furthermore, we measured their cytokine production and determined their effects on insulin release from
simultaneously cultured islets.
Results. PSCs were scattered throughout the pancreas, with occasional cells within the islets, particularly in the islet capsule. In
islet transplants they were found mainly in the graft periphery. Cultured PSCs became functionally activated and produced
several cytokines. Throughout the culture period they linearly increased their production of interleukin-6 and mammalian
keratinocyte-derived chemokine. PSC cytokine production was not affected by acute hyperglycemia. Syngeneic islets co-
cultured with PSCs for 24–48 h increased their insulin release and lowered their insulin content. However, short-term insulin
release in batch-type incubations was unaffected after 48 h of co-culture. Increased islet cell caspase-3 activation and a
decreased islet cell replication were consistently observed after co-culture for 2 or 7 days.
Conclusion. Activated PSCs may contribute to impaired islet endocrine function seen in exocrine pancreatitis and in islet
fibrosis associated with some cases of type 2 diabetes.
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Introduction

Pancreatic islets constitute complex organs distributed
within the pancreas of almost all vertebrates. Most
interest has been directed towards endocrine cells in
generalandbeta-cells inparticular.However, islets also
containacomplexstroma,withmanycells contributing
to the unique microenvironment needed for optimal
endocrine function. The connective tissue within the

islets includes acapsuledelineating it fromtheexocrine
tissue, as well as an extracellular matrix (1).
Pancreatic stellate cells (PSCs) are matrix-

producers distributed throughout the endocrine and
exocrine parts of the gland (2). Stellate cells occur in
many organs in the body (3), and they have been
intensively studied in the liver where they can be
identified by the presence of the intermediary
filaments vimentin and desmin, and possess vitamin-
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A-containing lipid droplets (4). Upon stimulation by
e.g. cytokines, stellate cells become activated and
express nestin and in particulara-smoothmuscle actin
(a-SMA) (5). Activated PSCs have morphological
characteristics of myofibroblasts and pericytes and
contribute to fibrogenesis in chronic pancreatitis as
well as to the desmoplastic reactions in pancreatic
cancer (6-9), both of which have been implicated in
impaired glucose metabolism (10,11).
Despite the importance of PSCs in pancreatic

pathology their role in impaired glucose tolerance
and type 2 diabetes is not well understood. Interest-
ingly, there is islet fibrosis, without any significant
exocrine engagement in type 2 diabetes (12). It has
been suggested that local cytokine production in the
islets from macrophages/lymphocytes is responsible
for this (12). It may therefore be that PSCs contribute
to impaired islet function, not only in exocrine pan-
creatic disease but also in certain types of diabetes.
Furthermore, PSCs are likely to contribute to the
frequently seen graft fibrosis occurring after islet
transplantation, which is of importance for islet graft
dysfunction (13). However, PSCs may to some extent
be advantageous in this context, since they are known
to modulate immune reactions and to improve islet
transplant survival, maybe by stimulating graft revas-
cularization (7,14). It has also been suggested that
they may constitute a progenitor pool of endocrine
cells (15).
Thus, in view of the possible and ambiguous effects

of PSCs on islet function, we performed this study to
evaluate in more detail the distribution of these cells in
the normal mouse pancreas and in transplanted islets
and to characterize functional interactions between
beta-cells and culture-activated PSCs in vitro.

Material and methods

Chemicals

All chemicals and reagents were from Sigma-Aldrich
(St. Louis, MO, USA) unless given otherwise.

Animals and cells

All animal experiments were approved and performed
according to the guidelines and regulations of the
local committees for animal care at Uppsala Univer-
sity. Male C57BL/6 or C57BL/6 (nu/nu) mice
(Taconic, Ry, Denmark) were used in all experi-
ments. The animals were housed in the Animal
Department at the Biomedical Centre (Uppsala,
Sweden) and had free access to pelleted food and
tap water. Mouse pancreatic b-TC6 cells (ATCC;
Manassas, VA, USA) were maintained in Dulbecco’s

Modified Eagle Medium (DMEM; Gibco, Grand
Island, NY, USA) with 10% fetal calf serum,
2 mM L-glutamine, 100 U/mL benzylpenicillin,
0.1 mg/mL streptomycin (Roche Diagnostics Scan-
dinavia, Bromma, Sweden) in humidified air and 5%
CO2 at 37�C. Medium was changed every third day,
and the cells were used in passage 3–8.

Islet isolation, culture, and transplantation

C57BL/6 mouse pancreatic islets were isolated and
transplanted as previously described in detail (16
(17)). Pancreatic islets were prepared by collagenase
digestion, as previously described, subsequently
handpicked with braking pipettes under a stereo
microscope (Leica M50, Leica Microsystems,
Germany), and maintained free-floating in groups
of 150 islets at 37�C (air/CO2, 95:5) in 5 mL
RPMI 1640 culture medium (Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 2 mM
L-glutamine, 11 mM glucose, 10% (vol/vol) fetal
calf serum, and 0.1 mg/mL streptomycin.
Syngeneic, adult male, C57BL/6 mice were used as

recipients. Before transplantation the animals were
anesthetized with an intraperitoneal injection of aver-
tin. The left kidney was exposed through a flank
incision, and 250 islets were implanted under the
renal capsule (17). The animals were then observed
until fully recovered from anesthesia, and were kept in
separate cages for 2 or 4 weeks. Maintenance of the
animals and all experiments were approved by and
performed according to the guidelines and regulations
of the Uppsala Ethical Committees for Animal
Research (Permit number: C107/11).

Isolation and culture of mouse pancreatic stellate cells

PSCs were isolated by a modification of the method
described by Apte et al. (18). Briefly, pancreatic tissue
from mice was minced and digested with 0.1%
Collagenase A (Sigma-Aldrich, St. Louis, MO,
USA) and 0.1% DNAse in Hanks’s balanced salt
solution (HBSS; SVA, Uppsala, Sweden) for
10 min. Digested tissue was then filtered through a
100-mm nylon cell strainer (BD Falcon, Franklin
Lakes, NJ, USA). Cells were washed and resuspended
in HBSS. The cell suspension was centrifuged into a
30% (wt/vol) solution of Nycodenz (Axis-Shield,
Oslo, Norway) at 1,400 g for 20 min. PSCs separated
into a grainy band just above the interface of the
Nycodenz cushion and the HBSS. This band was
harvested, and the cells were washed and resuspended
inDMEMcontaining10%FBS, 4mMglutamine, and
antibiotics (penicillin 100 U/mL and streptomycin
100 mg/mL). Cells were maintained at 37�C in a
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humidified atmosphere of 5% CO2/95% air. The cul-
ture medium was replaced the day after initial seeding
and subsequently each third day. The purity of the
isolated PSCs was determined by staining for desmin,
vimentin, glial fibrillary acidic protein (GFAP), and
SMA. Only isolations with purity >95% were used for
further experiments.

Staining of cells and sections

The following antibodies and dilutions were used:
PDX-1 primary antibody (sc-14664, Santa Cruz Bio-
technology, Santa Cruz, CA, USA; 1:100, goat poly-
clonal), cleaved caspase-3 primary antibody (9661,
Cell Signaling Technology Inc., Danvers, MA, USA;
1:200, rabbit polyclonal), desmin (CM036, Biocare
Medical, Concord, CA, USA; 1:100, for immunohis-
tochemistry, mouse monoclonal), desmin primary
antibody (5332, Cell Signaling Technology Inc.;
1:50, for immunofluorescence, rabbit monoclonal),
secondary antibody FITC-conjugated donkey anti-
rabbit IgG (H+L) (711-095-152, Jackson ImmunoR-
esearchLab., BarHarbor,ME,USA; 1:500), vimentin
(5741, Cell Signaling Technology Inc.; 1:100, rabbit
monoclonal), secondary antibody FITC-conjugated
donkey anti-rabbit IgG (H+L) (711-095-152, Jackson
ImmunoResearch Lab.; 1:500), anti-a-SMA primary
antibody (sc-32251 Santa Cruz Biotechnology; 1:100,
mouse monoclonal), secondary antibody Alexa Fluor
594 donkey anti-mouse IgG (H+L) (Invitrogen,
Eugene, OR, USA; 1:500).

b-TC6 cells, islets, paraffin-embedded pancreas,
and islet-graft containing kidneys were stained as
previously described (19).
For quantification of PSCs we counted the fraction

of the area occupied by desmin-positive cells in pan-
creatic sections or islets implanted under the renal
capsule. A square grid (121 intersections) was ran-
domly placed over the sections, and the number of
intersections located over desmin-positive cells in
both endocrine and exocrine pancreas as well as in
islet grafts was estimated. A minimum of 1,210 inter-
sections were counted in each sample.
For morphologic characterization, isolated PSCs

were seeded and cultured in Culture Slides (BD
Biosciences, Erembodegem, Belgium) for 2 or
10 days, washed in PBS, fixed in ice-cold acetone
for 15 min at room temperature (RT), and subse-
quently blocked in PBS supplemented with 3% BSA
for 20 min at RT, then incubated with primary anti-
bodies in blocking solution for 16 h at 4�C. Thereafter
the slides were washed in PBS and incubated with
secondary antibodies in PBS 1% BSA for 1 h at RT.
Nuclear staining was performed by incubation with
Hoechst 33258 (Invitrogen), 1 g/mL, for 30 min at

RT. For lipid droplet determination, slides were
further incubated for 30 min at RT with Nile red
(Sigma-Aldrich, St. Louis, MO, USA) solution at a
final concentration of 10 g/mL. Cells were washed in
PBS and analyzed using fluorescence microscopy
(Zeiss Axioplan 2 microscope; Carl Zeiss, Göttingen,
Germany), using an Axiocam HRm camera and an
Axiovision imaging software.

Co-culture of PSCs and islets

Following isolation, islets were cultured for 24 h
before they were included in any experiments. Islets
were cultured with or without culture-activated PSCs
on cover slips. A total of 1 � 105 PSCs were seeded in
a six-well plate (cover slip Ø 25 mm) and 40 islets,
pre-incubated for 24 h in medium RPMI 1640, were
added 24 h later. All co-culture experiments were
performed in medium RPMI 1640 as outlined above
for islet cultures. The islets were harvested after 2 or
7 days.
In some experiments the removed islets were fixed

in methanol for 2 h. They were then blocked with
0.5% PBS, 0.5% FCS, 0.2% Triton-X followed by
applying a primary antibody against caspase-3 at 4�C
overnight. The islets were then washed with PBS,
incubated with goat anti-rabbit secondary antibody
(A11008, Invitrogen; dilution 1:500) for 1 h, washed
and mounted with DAPI.
To study cell proliferation a total of 1 � 105 PSCs

or 5 � 104 b-TC6 cells were seeded in six-well plates
with Ø 25 mm cover slips as given above and cultured
for 24 h. After this, b-TC6 cells on cover slips or islets
were further cultured, with or without PSCs, for 24 or
72 h. EdU (5-ethynyl-2�-deoxyuridine; 10 mM;
Invitrogen) was added to the medium for 2 h
(b-TC6 cells) or overnight (islets). After this, cells
were fixed in 4% formaldehyde for 15 min and per-
meabilized in 0.5% Triton X solution for 20 min.
Islets were stained for PDX-1 at 4�C overnight,
washed with PBS, and further incubated with rabbit
anti-goat secondary antibody (A11080, Invitrogen;
dilution 1:500) for 1 h. Finally, they were treated
for 30 min with Click-iT reaction cocktail, mounted
with immunofluorescence mounting, as outlined in
the description of Click-iT EdU Imaging Kits
(C10339, Invitrogen). EdU incorporation is shown
as the percentage of positive nuclei of the total, for
b-TC6 cells, and as percentage of positive nuclei of
the PDX-1-positive cells, for islets.

Insulin release from islets co-cultured with PSCs

As given above, 40 islets were co-cultured with PSCs
on cover slips. The RPMI 1640mediumwas collected
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after 12, 24, 36, and 48 h, and its insulin content
analyzed by application of the protocol for Mouse/Rat
Insulin Assay Kit (K152BZC-1; Meso Scale Diagnos-
tics, Gaithersburg, MD, USA) measured on a Meso
Scale Diagnostics instrument. For measurement of
total insulin content, the islets were harvested and
homogenized by sonicating 20 islets in 100 mL redis-
tilled H2O and subsequently mixed with 135 mL 95%
acid ethanol. This solution was incubated at –20�C
overnight and then centrifuged for 5 min at 10,000 g.
The insulin concentration of the supernatant was ana-
lyzed following the same protocol as given above.
To evaluate possible effects of substances released

from culture-activated PSCs into the medium we
performed studies in which conditioned medium
from 48-h cultured PSCs was added (5% [vol/vol])
to islet culture medium. Islets were further incubated
in this mixed medium for 24 h. Medium was then
removed, and both this and the islets were analyzed
for their insulin content as given above.
Further, isolated mouse islets were cultured alone,

pre-cultured for 48 h with culture-activated PSCs,
and then incubated in KRBH during 2 consecutive h
at 1.7 and 16.7 mM glucose, respectively. Insulin
release into the medium during each of these hours
was then measured.

Detection of proinflammatory cytokines released from
cultured PSCs

To determine the effects of the inflammatory reactions
present in the diabetic pancreas on the PSC’s cytokine
expression, isolated PSCs in passage 3–8 were either

untreated or cultured for 24 h in the presence of one of
the following cytokines: 50 U/mL interleukin-1b
(IL-1b; 200-01; PeproTech, Rocky Hill, NJ, USA),
20 ng/mL tumor necrosis factor-a (TNF-a; 310-01A,
PeproTech), 10 ng/mL interleukin-6 (IL-6; 216-16,
PeproTech), 1,000 U/mL interferon-g (IFN-g;
300-02, PeproTech). Then the culture medium was
collected, and its cytokine contents were analyzed
according to the manufacturer’s instructions for
Mouse ProInflammatory 7-Plex Assay Ultra-Sensitive
Kit (K15012C-1, Meso Scale Diagnostics). This
allowed us to assess the concentrations of interleukin-
1b (IL-1b), interleukin-6 (IL-6), interleukin-10
(IL-10), interleukin 12p70 (IL-12p70), interferon-g
(IFN-g), tumor necrosis factor-a (TNF-a), and mam-
malian keratinocyte chemoattractant (mKC).

Cytokines in PSCs measured with quantitative real-time
PCR

Cultured PSCs were treated with 1.67mM for 1 h and
then for another hour with 16.7 mM glucose in
KRBH buffer. In separate experiments other PSCs
were incubated with 11 mM, 25 mM, or 50 mM
glucose in the normal culture medium for 96 h.
Total RNA of PSCs was extracted according to the

procedure of the RNeasy mini kit (74104; Qiagen,
Hilden, Germany) using on-column DNase digestion
with RNase-Free DNase set (79254, Qiagen). One-
step quantitative real-time RT-PCR was performed
with QuantiTect� SYBR�Green RT-PCR-kit
(204243, Qiagen) on a LightCycler� real-time
PCR machine (lightcycler 2.0; Roche). Primer
sequences are shown in Table I. Cycle threshold
(CT) values were determined with the LightCycler
Software v3.5 (Qiagen). Primers for b-actin were used
as internal standards. Products were analyzed using
melting-curve analysis and gel separation.

Statistical calculations

All values are given as means ± SEM. Probabilities (P)
of chance differences between the groups were cal-
culated with ANOVA variance analysis or Student’s
unpaired t test as given in the text.

Results

Stellate cells in pancreas and islet grafts

Desmin-positive PSCs were found throughout the
mouse pancreas, associated with intra- and interlob-
ular connective tissue in the exocrine parenchyma but
also within and surrounding the islets (Figure 1A). In
islets syngeneically transplanted under the renal

Table I. Primer sequences used in the semi-quantitative real-time
PCR studies.

b-actin R CAC TAT TTG GCA ACG AGC GG

b-actin F TCC ATA CCC AAG AAG GAA GGC

IL-1b R ACG GAT TCC ATG GTG AAG TC

IL-1b F GAG TGT GGA TCC CAA GCA AT

IL-6 R AAT TAA GCC TCC GAC TTG TGA AG

IL-6 F CTT CCA TCC AGT TGC CTT CTT G

IL-10 R GGG CAT CAC TTC TAC CAG GTA A

IL-10 F CTG GAC AAC ATA CTG CTA ACC G

IFN- g R CAG CCA GGA ACA GCC ATG AG

IFN-g F CCT GGG GCC TAG CTC TGA

TNF-a R CGA TCA CCC CGA AGT TCA

TNF-a F ACT GCC AGA AGA GGC ACT CC

R = reverse; F = forward; IL-1b = interleukin-1b; IL-6 = interleukin-
6; IL-10 = interleukin-10; IFN-g = interferon-g; TNF-a = tumor
necrosis factor-a.
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capsule, scattered desmin-positive cells were found,
especially in the periphery of the grafts. They were
mainly located in the connective tissue capsule over-
lying the endocrine cell aggregates (Figure 1B).
There were no differences between the total frac-

tional area occupied by stellate cells in the exocrine
pancreas or endogenous and transplanted islets
(Figure 1C). We separately counted this fraction in
the peri- or intra-insular parts of endogenous or
transplanted islets. The peri-insular region was
defined as being associated with the capsule sur-
rounding the islets, whereas the intra-islet region
was totally within the islets. In endogenous islets,
PSCs were present to the same degree in these regions
(Figure 1C). In islet grafts, however, there was a
marked enhancement of the area of peri-insular
PSCs, whilst these cells were very few within the
transplanted islets (Figure 1C).

Isolation of pancreatic stellate cells

We could routinely isolate and culture PSCs with a
purity of more than 95%. Immediately after isolation
they contained cytoplasmic lipid droplets
(Figure 2A). After culture for a few days the PSCs
became activated, as represented by morphological
changes with disappearance of lipid droplets and a
more fibroblastoid appearance (Figure 2B). More-
over, PSCs were immuno-positive for desmin
(Figure 2C, D), vimentin (Figure 2E), and a-SMA
(Figure 2D, E). Up to 3 days after isolation, desmin
expression was doubled by the peri-nuclear presence
of lipid droplets in the cytoplasm, as assessed by Nile
red staining (Figure 2C). At later stages (10–14 days
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are numerous lipid droplets in the cytoplasm. B: Activated pan-
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magnification. E: Vimentin (green) and -SMA (red) immunoreac-
tivities in PSCs for 14 days after isolation. Scale bars 50m (A andC)
and 100 m (B, D, E). In all micrographs Hoechst 33258 was used
for nuclear staining (blue).
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of culturing) desmin and vimentin expression was
paralleled by a strong -SMA immunoreactivity
(Figure 2D, E).

Co-culture of islets and pancreatic stellate cells

When culturing stellate cells and islets together for
2 days there were no adverse morphological effects on
either cell type. There was a marked increase in
medium insulin concentration after co-culture peri-
ods between 24 h and 48 h when compared with
culture of the same number of islets alone
(Figure 3A). PSCs cultured alone as expected
released no insulin (Figure 3A). Medium insulin
accumulation was unaffected when freshly isolated
islets were exposed to PSCs for 12 h (Figure 3A).
On the other hand, islet insulin content was decreased
after 48 h of co-culture with PSCs (Figure 3B). Addi-
tional experiments were performed after 48 h of co-
culture, when glucose-stimulated insulin release was
measured in a batch-type incubation system. PSCs

did not significantly affect insulin release in these
experiments (data not shown). However, when we
considered insulin secretion as percentage of the
intracellular insulin content, we found a higher
glucose-induced insulin release as well as elevated
basal insulin secretion, although the latter did not
attain statistical significance (P = 0.067) (Figure 3D).
When islets were cultured in medium preconditioned
with PSCs for 24 h there was an increase in insulin
release to the culture medium similar to that seen
when co-cultured with PSCs (Figure 3C). However,
islet insulin content remained unchanged (data not
shown).

Effects on beta-cell replication and cell death

b-TC6 cells were harvested during passage 3–8 and
then cultured with or without attached PSCs in the
culture dish. There was a clear and consistent reduc-
tion in EdU-staining in PDX-1-positive cells
(Figure 4A), and this was also seen when mouse
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islets were similarly cultured together with PSCs
(Figure 4B).
The number of caspase-3-positive islet cells was

higher when islets and PSCs were co-cultured for
7 days compared with that of islets cultured alone
(Figure 5).

Effects of exogenously added glucose and cytokines on
PSCs cytokine production

WhenPSCswere incubated for 1h at a lowand then for
1 h at a high glucose concentration (1.67 or 16.7 mM)
we observed no differences in the cytokine expression
for TNF-a, IFN-g, IL-1b, IL-6, or IL-10 (Table II).
When similar experiments were performed but differ-
ent glucose concentrations (11, 25, or 50 mM) were
maintained for 96 h there was a tendency towards an
increase in IL-1b in thePSCsculturedwith 50mMand
a decrease in TNF-a for those cultured with either
25 or 50 mM glucose (Table II).
PSCs produced high amounts of IL-1b, TNF-a,

and mKC, and measurable quantities of IL-6 and
IL-12p70 (Figure 6). PSCs were exposed to different
cytokines for 24 h, and addition of IL-6 mainly
increased the medium concentrations of IL-1b and
TNF-a (Figure 6A), whilst addition of IFN-g
increased IL-6 medium concentrations (Figure 6B).
Addition of IL-1b increased IL-6, IL-10, and mKC
(Figure 6C), whereas the combined supplementation
with IFN-g and IL-1b increased concentrations of
IL-6, IL-10, TNF-a , and mKC (Figure 6D) in the
culture media.
When concentrations of cytokine released into the

medium by cultured PSCs were followed for 33 days
we found a linear increase in IL-6 and mKC con-
centrations, and the increase in concentration was
most pronounced in the former (Figure 6E). Con-
centrations of the other cytokines were low
(Figure 6E).

Discussion

PSCs have been estimated to constitute nearly 4% of
the total number of cells in the normal pancreas (18).
Their number though is markedly increased at least in
animal models in which islet fibrosis seems to play a
role in the development of type 2 diabetes. This
assumption has been based on previous studies in
which PSC inactivation was paralleled by reduced
islet fibrosis and increased insulin content (20).
This is, to our knowledge, the first study with

primary islet cells, showing a direct effect of isolated
culture-activated PSCs on the function and prolifer-
ation of insulin-producing cells. We have applied
protocols enabling us to detect, isolate, and culture
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PSCs and have confirmed that activated PSCs pro-
duce cytokines, both during basal conditions and
especially so after cytokine stimulation. Co-culture of
activated PSCs and isolated islets affected insulin
release in short-term batch-type experiments when
insulin secretion was calculated as a percentage of
insulincontent, reduced insulincontent, and increased
accumulation of insulin in the medium during pro-
longed culture periods. Islet cell death increased,
whereas beta-cell replication decreased. Thus, acti-
vatedPSCsmayplayarole in the long-termimpairment
of glucose tolerance associated with exocrine pancre-
atic diseases. However, we cannot quantify how much
of thenegativeeffectoffibrosiscomesfromPSCsperse,
but our data demonstrate that these cells, when acti-
vated, can promote beta-cell dysfunction and death,
highlighting the need for further studies of these inter-
actions. Furthermore, our results in the mouse insuli-
noma b-TC6 cell line confirm some of the recently
published results suggesting negative functional effects
of pancreatic stellate cells on other immortalized
insulin-producing cell lines (21,22) aswell as in animal
models of type 2 diabetes (22).
Immediately after isolation PSCs could be identi-

fied by their lipid droplets and positive staining for
vimentin, desmin, and GFAP (5,23). Isolated PSCs
were negative for platelet-derived growth factor recep-
tors (data not shown), thereby confirming that they
were not pericytes (24). PSCs in culture became
activated as evidenced by the disappearance of lipid
droplets and expression of a-SMA. All these findings
are corroborative of previous studies (5,18).

PSCs were found throughout the pancreas, and we,
in accordance with previous investigators (5,23),
chose to use desmin as the staining of choice for their
detection after comparing several other markers. In
pancreatic islets PSCs were mainly associated but not
limited to the islet capsule. The capsule composition
is species-dependent (25), and cells making up the
capsule have been supposed to derive from fibro-
blasts. In view of our present findings it may be
that PSCs also participate in the formation of this
structure. It should be noted that PSC activation is
prevented by somatostatin (26) produced in islet d-
cells in rodents, which are preferentially located in the
islet mantle (27). It can be conceived that high local
somatostatin concentrations would maintain PSCs in
the islet periphery quiescent. Interestingly, the pres-
ence of a continuous interstitial matrix connection
between the endocrine and exocrine pancreas has
been previously suggested, which is lost due to fibrosis
in rodent models and humans with type 2 diabetes
mellitus (28). This organized, fibrillar collagen was
closely associated with pericytes, which were pro-
posed to be able to differentiate into myofibro-
blasts/PSCs (28). Indeed, when activated PSCs
were suppressed by conophylline in GK rats, a
type 2 diabetes model, islet fibrosis was reduced
(20), supporting a role for PSCs in this process.
This interesting concept is worthy of further
investigations.
After syngeneic transplantation under the renal

capsule desmin-positive cells were found, mainly in
the renal capsule over the graft, and their combined

Table II. Cytokine expression in PSCs as determined by semi-quantitative real-time PCR. PSCs were either incubated for 2 h in KRBH buffer
(1 h 1.67 mM followed by 1 h 16.7 mM glucose concentration or without any glucose at all for 2 h) or incubated for 96 h at different glucose
concentrations.

Incubation protocol 2 h KRBH buffer 96 h culture with RPMI media

No glucose 1 h each of 1.7 mM + 16.7 mM
glucose

11 mM
glucose

25 mM
glucose

50 mM
glucose

IFN-g /b-actin mRNA expression
(arbitrary units)

13.10 ± 0.30 12.49 ± 0.78 18.91 ± 0.94 19.28 ± 0.61 19.03 ± 0.59

TNF-a /b-actin mRNA expression
(arbitrary units)

5.15 ± 0.33 4.78 ± 0.38 18.29 ± 0.22 17.71 ± 0.50 17.42 ± 0.39

IL-1b /b-actin mRNA expression
(arbitrary units)

6.05 ± 0.14 5.56 ± 0.25 16.89 ± 0.56 16.94 ± 0.41 18.20 ± 0.45

IL-6/b-actin mRNA expression
(arbitrary units)

1.33 ± 0.20 1.23 ± 0.38 6.70 ± 0.20 6.45 ± 0.27 6.56 ± 0.32

IL-10/b-actin mRNA expression
(arbitrary units)

8.97 ± 0.15 8.76 ± 0.07 ND ND ND

Relative mRNA expression was calculated using the formula: Relative expression = 2-DCt, where DCt = Ct gene of interest – Ctb-actin. Values are
means ± SEM for 4–5 experiments.
IFN-g = interferon-g; TNF-a = tumor necrosis factor-a; IL-1b = interleukin-1b; IL-6 = interleukin 6; IL-10 = interleukin-10; ND = not
determined.
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area was approximately the same as in the endogenous
islets. This location is somewhat surprising, since a
pronounced central fibrosis is usually seen in intra-
renal grafts, probably due to hypoxia (29). The pres-
ent findings do not support a major role for PSCs in
islet graft fibrosis. This is in contrast to the role played

by PSCs in both experimental animals and man in
fibrosis seen in chronic pancreatitis and the desmo-
plastic reactions associated with pancreatic adenocar-
cinomas (2). In the latter condition PSCs contribute
to the tumor-promoting and immunosuppressive
environment (6-8). As will be discussed in more detail
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Figure 6. Medium release of interferon-g (IFN-g), interleukin-10 (IL-10), interleukin 12p70 (IL-12p70), interleukin-1b (IL-1b), interleukin
6 (IL-6), tumor necrosis factor-a (TNF-a), and keratinocyte-derived chemokine (mKC) from PSCs after incubation for 24 h either alone or
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below, both these conditions with pancreatic fibrosis
are associated with an increased incidence of
type 2 diabetes (10,11), as is islet fibrosis in itself (12).
Co-cultures of PSCs and islets were performed to

evaluate possible direct interactions affecting endo-
crine function. After >12 h of co-culture a marked
increase of insulin released into the medium was
detected, and it was associated with a decrease in
islet insulin content. Under normal physiological
conditions pancreatic beta-cells maintain a remark-
ably stable balance between insulin secretion and
insulin production. Whenever glucose stimulates
insulin release, there is a rapid and corresponding
increase in proinsulin biosynthesis that efficiently
replenishes intracellular insulin stores (30,31). How-
ever, it is possible that chronic exposure to paracrine
interactions with activated PSCs evokes a continuous
stimulation of insulin release, which is only partially
compensated for by a sustained insulin biosynthesis.
This, in turn results in a decrease of the intracellular
insulin stores. That the increased medium insulin
release was due to beta-cell death, with leakage of
insulin, seems unlikely, since the culture conditions
were optimized for islets and we could detect no
increased cell necrosis with propidium iodide stain-
ing. An increased apoptosis was seen as evidenced by
caspase-3 staining, but this should only marginally
affect the insulin concentrations. Therefore it seems
as if activated PSCs stimulate insulin release from
beta-cells. This was at least partially due to a factor
released from the PSCs, since PSCs-conditioned
medium had similar effects. When we performed
acute batch-type release experiments there were no
differences in insulin release between islets cultured
alone or co-cultured islets and PSCs after 48 h of pre-
culture. However, it should also be considered that
PSCs-mediated elevation of insulin release into the
medium resulted in a significant reduction in the
insulin content of pancreatic islet cells. Thus, when
insulin secretion was considered as a percentage of the
intracellular insulin content, we found that PSCs
significantly potentiated glucose-induced insulin
release as well as elevating basal insulin secretion.
Viewed in this way, co-culture of beta-cells with
activated PSCs over a 48-h period in vitro enhanced
rather than inhibited glucose-induced insulin release,
which points out a possible additional mechanism by
which activated PSCs present in the fibrotic pancreas
can contribute to beta-cell exhaustion in the patho-
genesis or amplification of type 2 diabetes.
In the co-culture experiments we found an

increased apoptotic cell death and a decreased repli-
cation rate in the islet cells. The latter was seen also in
beta-cell lines. This is an interesting finding since, as
mentioned above, both chronic pancreatitis and

pancreatic adenocarcinomas are associated both
with the presence of activated PSCs with increased
matrix formation and an increased incidence of
type 2 diabetes (10,11). The reasons for the glucose
intolerance have been suggested to be the fibrosis per
se, with destruction of the pancreatic architecture,
especially in chronic pancreatitis (11), as well as
production of various tumor-derived factors exerting
diabetogenic effects in the pancreas and liver (32).
Our present findings open up the possibility that also
an increased beta-cell death and defect replication
may be involved in the type 2 diabetes pathogenesis
during these conditions. This is in line with some
studies in chronic pancreatitis in man (33) and pan-
creatic cancers (34). Islet fibrosis per se has been
suggested to play an important role also in
type 2 diabetes in man and experimental animals
(12,35). In a secreted proteome analysis of quiescent
and activated human PSCs many pro-apoptotic pro-
teins were expressed, whereas those stimulating pro-
liferation mainly affected tumor cells rather than islet
cells (36). Interestingly, it has previously been dem-
onstrated that activated rat PSCs produce connective
tissue growth factor (CTGF), which binds to integrin
51 and exerts a profibrogenic effect (37).
The diabetic pancreas is characterized by immu-

nological (type 1 diabetes) or inflammatory
(type 2 diabetes) reactions in which cytokines are
important players, facilitating functional impairment
and cytotoxic effects on pancreatic islet cells. There-
fore we found it of interest to evaluate PSCs’ cytokine
production following a hyperglycemic challenge as
well as in the presence of cytokines proven to be
present around and within the diabetic endocrine
pancreas. In our hands, PSCs produced large
amounts of IL-1b, TNF-a , and measurable quanti-
ties of IL-6 and IL-12p70. This is in line with previous
studies on cultured stellate cells from other organs.
Furthermore, we demonstrate here, for the first time
in stellate cells, high expression of mKC, a functional
homolog of human interleukin IL-8, which is central
for induction of Th1 responses. A continuous
increase in IL-6 and mKC secretion was observed,
whilst other cytokine concentrations did not change
significantly, which is in line with previous studies
(38,39). The cytokine release was not affected by an
acute 1-h exposure to hyperglycemia, besides a mar-
ginal effect of very high (50 mM) glucose concentra-
tions on IL-1b. The rationale for studying this was
previous observations that both hyperglycemia and
hyperinsulinemia stimulate activation and prolifera-
tion of PSCs through ERK 1/2 phosphorylation
in vitro (40). Moreover, when PSCs were exposed
to exogenously added high doses of cytokines we
found that IL-6 and TNF-a had only minor effects
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on their cytokine secretion. Exogenous IL-1b
increased release of both IL-6 and mKC, whereas a
combination of IL-1b and IFN-g increased IL-12p70,
IL-6, and mKC secretion. All of these cytokines may
therefore, in an autocrine fashion, act in synergy to
promote pancreatic fibrosis (2) and contribute to the
impaired islet endocrine function and islet cell sur-
vival associated with some cases of type 2 diabetes.
To summarize we report a direct effect of culture-

activated PSCs on the viability and proliferation rate
of mouse islet cells in in vitro co-culture experiments,
paralleled by a stimulated insulin release both at basal
levels and after a glucose challenge. Our data suggest
a possible additional mechanism by which activated
PSCs present in the fibrotic pancreas can contribute
to beta-cell exhaustion. This could be involved in the
pathogenesis or amplification of type 2 diabetes and
opens up for new treatment scenarios based on mod-
ulation of the activation of PSCs.
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