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High Glucose Increases Extracellular Matrix
Production in Pancreatic Stellate Cells by
Activating the Renin–Angiotensin System
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Abstract Pancreatic stellate cells (PSCs) are involved in pancreatic inflammation and fibrosis. Recent studies have
shown that blocking the renin–angiotensin system (RAS) attenuates pancreatic inflammation and fibrosis. However, there
are few data about the direct effects of high glucose on extracellular matrix (ECM) protein synthesis and angiotensin II
(Ang II) induction inPSCs. PSCswere isolated frommale Sprague–Dawley rats andcultured inmediumcontaining5.5mM
(LG group) or 27 mM D-glucose (HG group). Levels of Ang II and transforming growth factor-b (TGF-b) in culture media
weremeasuredandAng II-positive cellswere counted.Weused real-timepolymerase chain reaction (PCR) to detectAng II
receptor expression andWestern blot analysis for the expression of ECM proteins such as connective-tissue growth factor
(CTGF) and collagen type IV. Cells were also treated with an Ang II-receptor antagonist (candesartan, 10 mM) or
angiotensin-converting enzyme (ACE) inhibitor (ramiprilat, 100 nM). Thymidine uptake by PSCs increased fourfold with
high glucose treatment. Ang II levels and the proportion of Ang II-positive PSCswere significantly increased after 6 h under
high-glucose conditions. TGF-b concentrations also increased significantlywith high glucose.After 72h, the expressionof
CTGF and collagen type IV proteins in high-glucose cultures increased significantly and this increase was effectively
attenuated by the candesartan or the ramiprilat. All together, high glucose induced PSCs proliferation and ECM protein
synthesis, and these effects were attenuated by an Ang II-receptor antagonist. The data suggest that pancreatic
inflammation and fibrosis aggravated by hyperglycemia, and Ang II play an important role in this pathogenesis. J. Cell.
Biochem. 98: 343–355, 2006. � 2006 Wiley-Liss, Inc.
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Since their discovery in 1998, pancreatic
stellate cells (PSCs) have been identified as
the major source of the extracellular matrix
(ECM) proteins found in chronic pancreatitis or
pancreatic fibrosis in both experimental ani-

mals and humans [Apte et al., 1999]. In the
quiescent state, PSCs contain numerous vita-
min A-storing lipid droplets in their cytoplasm
[Apte et al., 1998; Bachem et al., 1998]. When
activated by inflammatory cytokines or oxida-
tive stress, PSCs transform into myofibroblast
cells, and are immunostainable for alpha
smooth muscle actin (a-SMA) [Apte et al.,
1999]. PSCs show markedly increased ECM
protein synthesis in response to various stimuli,
such as cytokines and growth factors. Of these,
platelet-derived growth factor (PDGF) and
transforming growth factor-b (TGF-b) exert
potent proliferative effects on PSCs [Kruse
et al., 2000; Jaster et al., 2002].

Classically, the systemic renin–angiotensin
system (RAS) plays a crucial role in the
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maintenance of blood pressure and electrolyte
balance through its action on vascular smooth
muscle cells and aldosterone secretion. In
particular, angiotensin II (Ang II) is a vasoac-
tive agent that participates in hemodynamic
regulation. However, Ang II also plays an
important role in tissue inflammation, beyond
its hemodynamic effects [Ruiz-Ortega et al.,
2000; Suzuki et al., 2003]. The local RASmainly
contributes to this phenomenon. In addition to
the circulating RAS, a local RAS exists in the
kidney, adrenal gland, pituitary gland, brain,
adipose tissue, and pancreas [Crandall et al.,
1994; Vinson et al., 1998;McKinley et al., 2003].
Ang II receptor subtypes are present in the
rodent pancreas, predominantly in the epithelia
of pancreatic ducts and vessels, and in pancrea-
tic acinar cells [Leung et al., 1999; Leung and
Carlsson, 2001].

Locally producedAng II promotes the recruit-
ment of inflammatory cells, induces the expres-
sion and secretion ofECMproteins, and inhibits
collagen degradation [Wolf and Neilson, 1993;
Ruiz-Ortega and Egido, 1997; Suzuki et al.,
2003]. Ang II also modulates cell growth by
inducing hyperplasia/hypertrophy, depending
on the cell type [Ruiz-Ortega et al., 2000].RAS is
believed to play a key role in tissue remodeling
and fibrogenesis in the kidney, heart, and liver,
suggesting that Ang II plays some part in
pancreatic inflammation. More recent studies
have shown that blocking the RAS attenuates
pancreatic inflammation and fibrosis [Kuno
et al., 2003] and liver fibrosis [Yoshiji et al.,
2001]. However, the relationship between PSCs
and Ang II has not been clarified.

In our previous report, the angiotensin-con-
verting enzyme (ACE) inhibitor, ramipril, sig-
nificantly attenuated the islet fibrosis inOtsuka
Long Evans Tokushima fatty (OLETF) rats, an
animal model of type 2 diabetes mellitus [Ko
et al., 2004]. Interestingly, the proliferation ofa-
SMA-positive PSCs, fibrosis of the pancreatic
islets, and ECM production in the pancreas
were significantly increased inOLETFrats, and
these traits are reduced with ramipril treat-
ment. In general, the pathological manifesta-
tion of pancreatic islets in type 2 diabetic
patients includes a reduced beta cell mass,
amyloid deposition, and eventually islet fibrosis
similar to the islet fibrosis observed in OLETF
rats. OLETF rats with diabetic progression
display severe islet destruction from fibrosis,
accompanied by increased pancreatic expres-

sion of a-SMA, a specific marker of PSCs,
especially surrounding the destroyed islets
[Yoshikawa et al., 2002; Ko et al., 2004]. These
data suggest that the ACE inhibitor attenuated
islet destruction by fibrosis and had some
beneficial effects on glucose tolerance through
the suppression of PSC activation and prolif-
eration in an animal model of type 2 diabetes
mellitus. However, we could not determine
whether the ACE inhibitor directly affected
PSCs or did so via some other systemic effects.
Furthermore, there have been few data about
hyperglycemiaand its effectson theRASinPSC.

Herein, we investigated the effects of high
glucose on PSC proliferation and Ang II produc-
tion byPSCs.We also tested the direct effects on
cultured PSCs of blocking the RAS.

MATERIALS AND METHODS

Isolation and Culture of PSCs

Rat PSCs were isolated from normal male
Sprague–Dawley rats weighing 200–250 g, as
described by Apte et al. [1998] with minor
modifications. Cells were cultured under stan-
dard conditions in Dulbecco’s minimal essential
medium (DMEM) containing 10% fetal calf
serum (FCS). Only the third and fourth cell
passages were used in this experiment. Briefly,
after thepancreaswasexcised, itwasdigested in
Gey’s balanced salt solution (GBSS) containing
collagenase P (1 mg/ml solution; Boehringer-
Manheim, Indianapolis, IN), 0.02% protease
(Sigma Chemical Co., St Louis, MO), and
0.001% DNase (Boehringer-Manheim) at 378C
for 20 min. The cell suspension was filtered
through 70 mm nylon mesh and washed three
times in GBSS buffer. The cells were then
centrifuged through an 8.2%Nycodenz gradient
(Nycomed Pharma AS, Oslo, Norway) at 1,400g
for 20 min. PSCs were collected at the interface
between the Nycodenz and medium, and
washed. The cells were plated on DMEM
supplemented with 10% FCS, 100 IU/ml peni-
cillin, and 100 mIU/ml streptomycin.

The viability of PSCs was over 95%, as
assessed byTrypan-blue staining. The cellswere
plated at a density of 0.5� 104 cells/ml on 60-mm
plastic dishes. PSCs were cultured at 378C in a
humidified incubatorunder 95%air and5%CO2.

PSC Proliferation Induced by High Glucose

After growing to confluence, the PSCs were
washed with phosphate-buffered saline (PBS),
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and the medium was then changed to
DMEM containing 10% FCS. These PSCs were
incubated at 378C for 24 h. After the cells
were confluent, the medium was changed every
72 h.
To evaluate the effects of glucose on PSC

proliferation, cells were serum-starved for 24 h
and then incubated with 5.5 or 27 mmol/L D-
glucose for 48 h in the presence of 0.5% FCS.
DNA synthesis was assessed by [3H]thymidine
uptake. At the end of incubation, 10% trichloric
acid was added. After the cells were washed,
theywere solubilized in 500 ml of cell dissolution
solution (0.25 mM NaOH, 0.2% sodium dodecyl
sulfate) and added to each well, to which was
added 50 ml of 5 N HCl. The samples were
transferred to scintillation vials with 4 ml of
scintillant. The radioactivity of the samples
was measured using a Packard b-counter
(Packard Instruments Co., Downers Grove,
IL). Each experiment was repeated at least
three times. To exclude bias from the effects of
hyperosmolarity, PSCs were incubated in a
medium containing 5 mM glucose supplemen-
ted with 25 mM mannitol. PSCs were pre-
treated with the Ang II-receptor antagonist,
candesartan (10 mM; Astrazeneca Pharmaceu-
tical, UK), or the active form of the ACE
inhibitor, ramiprilat (100 nM; Aventis Pharma-
ceutical, Germany).

Ang II and TGF-b Assays

Toobserve theeffects ofhighglucose onAng II
production in PSCs, all culture media were
collected for Ang II assays at 0, 2, 6, and 24 h.
Ang II secretion from PSCs was measured by
radioimmunoassay (Buhlmann Ang II RIA Kit,
Buhlmann Laboratories AG, Schonenbuch,
Switzerland) in the supernatants of culture
media, according to themanufacturer’s instruc-
tions. We investigated the changes in Ang II
levels induced by glucose (5.5, 16.7, or 27 mmol/
L). The immunoassay showed cross-reactivity of
only 0.14% with angiotensinogen I.
TGF-b concentrations were also measured

using an ELISA (TGF-b Immunoassay, R&D
Systems, Inc.,Minneapolis,MN).For theTGF-b
assay, PSCs were cultured for 24, 48, or 72 h
under high-glucose conditions. All culture
media were supplemented with angioten-
sinogen (10�8 mol/L) during the incubation
period. Experiments were performed in quad-
ruplicate.

Immunohistochemistry and Quantification of
Ang II-Positive PSCs

PSCs were cultured in low and high concen-
trations of glucose for 6 h and then fixed for
immunostaining. After overnight incubation at
48Cwith goat anti-humanAng II antibody (1:50;
Santa Cruz Biotechnology, Santa Cruz, CA),
sections were washed with PBS. The secondary
antibody, fluorescein isothiocyanate (FITC)-
conjugated donkey anti-mouse (1:100; Jackson
ImmunoResearch Laboratories, PA), was ap-
plied for 1 h at room temperature, and the
samples were then washed. The sections were
mounted on slides with anti-fade medium con-
taining 40,60-diamidino-2-phenylindole (DAPI,
1.5 mg/ml; Vector Laboratories, Inc., Burlin-
game, CA). Digital images at two fluorescent
emission wavelengths were acquired using a
confocalmicroscope (Bio-RadLaboratories,Her-
cules, CA). FITC and Texas Red were excited at
488 and 568 nm, respectively, using an argon/
helium laser. FITC and Texas Red images were
scanned separately at different laser wave-
lengths and captured as overlapping images.

To calculate the relative percentage of Ang II-
positive cells in total PSCs, the numbers of total
PSCs and Ang II-stained PSCs were deter-
mined. The rate of Ang II positivity was
calculated as a percentage of total PSCs, as
described by the following equation: (number of
AngII-positive cells/numberof totalPSCs)�100.
On average, 140 PSCs were counted for each
slide of experimental conditions.

Reverse Transcription and Quantitative
Polymerase Chain Reaction (RT-PCR)

TotalRNA fromPSCs culturedunder each set
of conditions was extracted with Trizol reagent
(Gibco BRL, Grand Island, NY). After extrac-
tion, the RNA was precipitated with isopropa-
nol, and the pellet was then resuspended in
water. The integrity of the RNA was confirmed
by gel electrophoresis and total RNA was
quantified by spectrophotometry. Total RNA
(4 mg) was used to synthesize first-strand cDNA
according to the protocol of the SuperScript
Preamplification System (Gibco BRL). Total
RNA was incubated with 0.5 mg oligo(dT)12–18
primer at 858C for 3 min, and the reaction was
then carried out in a mixture of 5� first-strand
buffer fromthekit containing250mMTris-HCl,
375 mM KCl, and 15 mM MgCl2, and 10 mM
dithiothreitol, and 0.5 mM deoxynucleotide

High Glucose Induces Angiotensin II in Pancreatic Stellate Cells 345



phosphates in a final volume of 25 ml. The
contents of the tubes were incubated at 428C for
2 min and superscript II transcriptase was
added and incubated at 428C for 50 min. After
the reaction, the enzymewas denatured at 708C
for 15 min. The final solution was used directly
for PCR amplification. The relative expression
levels of genes were determined with reference
to the expression of the cyclophilin gene. Gene-
specific primers were designed on the basis
of published sequences. The PCR primers were:
AT1a, sense 50-GCACACTGGCAATGTAAT-
GC-30, anti-sense 50-GTTGAACAGAACAAGT-
GACC-30; AT1b, sense 50-GCCTGCAAGTGAA-
GTGATTT-30, anti-sense 50-TCTGGCTGTGG-
CTGACTT-30; ACE, sense 50-CAGCTTCATCA-
TCCAGTTCC-30, anti-sense 50-CTAGGAAGA-
GCAGCACCCAC-30; AT2, sense 50-CA-AGA-
CTTGGTCACGGGT-30, anti-sense 50-T-CTGG-
CTGTGGCTGACTT-30; angiotensinogen, sense
50-ACACCCCTGCTACAGTCCAC-30,anti-sense
50-ACCCCCTCTAGTGGCAAGTT-30; and cyclo-
philin, sense 50-ACCACAGTCCATGCCATCA-
C-30, anti-sense 50-TCCACCACCCTGTTGCTG-
TA-30. ThePCRconditionswereas follows.After
the samples were boiled at 958C for 10 min,
amplification was repeated for 40 cycles of 948C
for 1min, 588C for1min, and728Cfor 1min.The
samples were then incubated at 728C for 10min
to complete the elongation step and then stored
at 48C. The PCR products were visualized by
1.5% agarose gel electrophoresis, and the DNA
bands were detected by ethidium bromide
staining. The density of each band was mea-
sured using a VDS densitometer (Pharmacia
Biotech).

Real-Time PCR

Total RNA was obtained using a PicoPure
RNA isolation kit and a RiboAmp HS RNA
amplification kit. cDNA was synthesized using
superscript II RT (Invitrogen, Carlsbad, CA)
and 1 mg of total RNA according to the
manufacturer’s instructions. Primers were as
follows: AT1a (70 bp) 50-TCGCTACCTGGC-
CATTGT-30 (forward) and 50-AGGTGACTTTG-
GCTACCAGCAT-30 (reverse); AT1b (204 bp)
50-GCCTGCAAGTGAAGTGATTT-30 (forward)
and 50-TCTGGCTGTGGCTGACTT-30 (reverse);
AT2 (161 bp) 50-CCCTGGCAAGCATCTTATGT-
3 (forward) and 50-CCAGCAGACCACTGAG-
CATA-30 (reverse); ACE (97 bp) 50-CACCG-
GCAAGGTCTGCTT-30 (forward) and 50-C-
TTGGCATAGTTTCGTGAGGAA-30 (reverse);

Angiotesinogen (212 bp) 50-ACACCCCTGCTA-
CAGTCCAC-30 (forward) and 50-ACCCCCTCT-
AGTGGCAAGTT-30 (reverse); TBP 50-ACCCT-
TCACCAATGACTCCTATG-3 (forward) and 50-
ATGATGACTGCAGCAAATCGC-30 (reverse).
PCR reactions were carried out in a volume of
20 ml containing 2 ml of cDNA template, 10 pM
of each primer, and 1� SYBR Green dye
(Invitrogen). The products were detected with
the MyiQ Single-Color Real-Time PCR Detec-
tion System (Bio-Rad) and the cycle values (Ct)
were determined as a measure of the cycle
number at which a statistically significant
increase in fluorescence intensity was first
detected and normalized to the value for the
control gene TBP to yield the relative abun-
dance. The values of gene/TBPwere normalized
to that of control.

Western Blot Analysis

Proteinswere isolated fromPSCs cultured for
72 h under various conditions. For analysis of
AT II type 1 receptor expression in response to
high glucose, we additionally isolated proteins
from PSCs in 24- and 72-h culture.

All culture media contained angiotensinogen
(10�8 mol/L), and some cells were also treated
with ramiprilat or candesartan. PSCs were
resuspended in lysis buffer (150 mM NaCl,
50 mM Tris-HCl [pH 7.4], 2 mM EDTA, 1%
NP-40, 10 mM NaF, 1 mM Na3VO4, 10 mM
sodium pyrophosphate, 1 mM PMSF, 10 mg/ml
aprotinin, 10 mg/ml leupeptin, and 0.1 mg/ml
soybean inhibitor). The lysate was centrifuged
at 15,000 rpm for 5 min at 48C. Protein con-
centrations were measured by the Bradford
method using BSA as the standard.

Proteins (40 mg) were separated by SDS–
PAGE on 10% polyacrylamide and transfer-
red to polyvinylidene difluoride membrane
(Hybond-P, Amersham Pharmacia Co., Buck-
inghamshire, England). The membrane was
blocked with 5% fat-free dry milk for 1 h in
tris-buffered saline (TBS; pH 7.6) and then
incubated overnight at 48C with the primary
antibodies at dilution of 1:500 in TBS: anti-Ang
II type 1 receptor antibody (Abcam Ltd.,
Cambridgeshire, UK), anti-connective-tissue
growth factor (CTGF) antibody (Abcam Ltd.),
fibronectin (DAKO, Denmark), and anti-col-
lagen type IV antibody (Abcam Ltd.). After
the membranes were washed, they were incu-
bated for 1 h at room temperature with
secondary peroxidase-conjugated anti-rabbit
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or anti-mouse antibodies (Amersham Pharma-
cia Co.) diluted 1:1,000 in TBS-0.01%Tween 20.
An antibody detection system (ECL, Amersham
Pharmacia Biotech) was used and the mem-
branes were exposed to X-ray film. Protein
band intensities were quantified using a
VSD densitometer (Amersham Pharmacia
Biotech).

Statistical Analysis

Data are expressed as means�SD. Differ-
ences between groups were evaluated using
the SPSS 10.0 program (Chicago). The indepen-
dent t-test and one-way ANOVA were used
to analyze the quantitative variables be-
tween groups. A P value <0.05 was deemed
significant.

RESULTS

Expression of RAS Components in PSCs

Cultured PSCs expressed mRNAs of the
local RAS components, including angiotensino-
gen, ACE, AT1a, AT1b, and AT2, as shown
in Figure 1. When cells were cultured at
high glucose concentrations for 24 h, AT1a
and ACE mRNAs were significantly upregu-
lated (P< 0.05). At 72 h, transcripts of AT1a,
ACE, and angiotensinogen were upregulated
(P< 0.05). However, the expression of the genes
for AT1b and AT2 did not change, even after
72 h under high-glucose conditions. To exclude
the effects of osmolarity, we also com-
pared the expression of the same genes in
the cells cultured with the mannitol or

Fig. 1. Real-time PCR (A) and RT-PCR analysis (B) of local
renin–angiotensin system (RAS) components in cultured pan-
creatic stellate cell (PSCs). When cells were cultured at a high
glucose (27.7mM)concentration for 24h,AT1aandangiotensin-
converting enzyme (ACE)mRNAswere significantly upregulated
(*P<0.05). At 72 h, AT1a, ACE, and angiotensinogen mRNAs
were upregulated (*P<0.05). However, expression of the genes

for AT1b and AT2 was unchanged, even after 72 h under high-
glucose conditions. Relative gene expression was normalized to
cyclophilin expression. C: AT1 receptor expression in Western
blot analysis. AT1 receptor expression was significantly
increased after 24 and 72 h in 27 mM glucose compared to their
expression in medium containing 5.5 mM glucose (*P< 0.05).
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L-glucose-containing medium. Neither manni-
tol nor L-glucose at 25mM concentrations had a
significant effect on the expression of these
genes (data not shown).

Localization and Expression Changes of AT1
Receptor in PSCs

AT1 receptor expression was evaluated by
Western blot analysis (Fig. 1C). AT1 receptor
expression was significantly increased after 24
and 72 h in 27 mM glucose compared to their
expression in medium containing 5.5 mM
glucose.

High Glucose Induces PSC Proliferation,
Which Is Attenuated by Blocking RAS

PSCs were cultured in high-glucose-contain-
ing medium (27 mM) with no angiotensinogen
or serum and cell proliferation was measured
by [3H]thymidine uptake. Cell proliferationwas
significantly increased at high glucose concen-
trations in a dose-dependent manner (P< 0.05,
Fig. 2). After 48 h of culture under high-glucose
conditions, PSC proliferation was markedly
increased, up to fourfold that in low-glucose
cultures. This increase was dramatically
attenuated by treatment with candesartan
or ramiprilat. PSC proliferation was more

strongly suppressed in the ramiprilat-treated
group than in the candesartan-treated group
(P< 0.05).

Increased Ang II Production Induced by High
Glucose Is Attenuated by Blocking RAS in PSCs

The Ang II concentration in the culture
medium was measured in PSC cultures pre-
treated with angiotensinogen. The Ang II
concentration was significantly increased after
6 h under high-glucose conditions (5.5 mM,
17.0� 4.9 pg/ml vs. 27 mM, 36.4� 8.2 pg/ml,
P< 0.05). After 24 h, the Ang II level was
reduced below that at 6 h (Fig. 3A). When PSCs
were treated with ramiprilat or candesartan,
the increase in Ang II concentration induced
under high-glucose conditions was significantly
attenuated at 6 h (Fig. 3B). Thus, high-glucose-
induced Ang II production was virtually abol-
ished by preincubation of thePSCswith anACE
inhibitor. This decrease was greater in the
ramiprilat-treated PSCs than in the candesar-
tan-treated PSCs. In contrast, the Ang II
concentration was not altered by these drug
treatments in the low-glucose (5.5mM) cultures
(Fig. 3B).

The results of Ang II immunostaining are
similar to the Ang II assay findings. Although
the relative percentage of Ang II-positive cells
did not change for 2 h, Ang II-positive cells
increased significantly thereafter (Fig. 4A,B).
Compared with the low-glucose cultures, Ang
II-positive cells were markedly increased in the
high-glucose cultures at 6 h (5.5 mM glucose,

Fig. 1. (Continued )

Fig. 2. PSC proliferation was measured by [3H]thymidine
uptake. Compared with that of low-glucose (5.5 mM) cultures,
PSC proliferation was markedly increased in high-glucose
(27.7 mM) cultures at 48 h. The increase was dramatically
attenuated by treatment with candesartan (10 mM) or ramiprilat
(100 nM) (*P<0.05 compared with low-glucose culture;
**P< 0.05 compared with high-glucose culture; G 5.5, 5.5 mM
glucose; G 27, 27 mM glucose; Cand, candesartan; Ram,
ramiprilat).
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22.5%� 11.0% vs. 27 mM glucose, 39.3%�
12.0%, P< 0.05).

TGF-b in Culture Medium

We measured TGF-b concentrations in the
culture medium to determine whether high
glucose stimulates TGF-b production in PSCs.
Although there was no difference in high-
glucose cultures at 24 h, the TGF-b concentra-
tion in the medium was significantly increased
after 48 h (Fig. 5). Compared with 5.5 mM
glucose, 27 mM glucose markedly stimulated
theproduction ofTGF-b, evenafter 72h (5.5mM
glucose, 436.3� 169.0 pg/ml vs. 27 mM glucose,
1,115.1� 434.0 pg/ml, P< 0.05).

ECM Protein Expression Induced
by High Glucose in PSCs

The expression in response to high glucose of
ECM proteins such as CTGF and collagen type
IV, was quantified by Western blot analysis.
Theamounts ofECMproteinsweremeasured in
PSCs pretreated with angiotensinogen. The
expressions of CTGF and collagen type IV
proteins were significantly increased after
48 h in 27mM glucose compared with their
expression in medium containing 5.5 mM
glucose (Fig. 6A,B). After 72 h, the expression
of these proteins in 27 mM glucose had
increased more than threefold relative to that
in 5.5 mM glucose. Thus, ECM protein expres-
sion increased in a dose- and time-dependent
manner. Fibronectin expression also showed
similar pattern (Fig. 6C). The increased expres-
sion of all these proteins was significantly

Fig. 3. A: Ang II concentrations in culture media of PSCs
pretreated with angiotensinogen. Ang II concentration was
significantly increased after 6 h under high-glucose conditions
(16.7 and 27 mM, *P< 0.05 compared with low-glucose
culture). After 24 h, Ang II levels had decreased relative to those
at 6 h.B:WhenPSCswere treatedwith ramiprilat or candesartan,
the increased Ang II concentration under high-glucose condi-
tions was significantly attenuated at 6 h. Ang II production
induced by high glucose was virtually abolished by preincuba-
tion of PSCs with ACE inhibitor (ramiprilat, 100 nM) or AT-
receptor antagonist (candesartan, 10 mM). Ang II concentrations
did not change with drug treatments in low-glucose (5.5 mM)
cultures, and the decrease was greater in ramiprilat-treated PSCs
(*P<0.05 compared with low-glucose culture; **P< 0.05
compared with high-glucose culture).

Fig. 4. A: Ang II immunostaining. The relative percentage of
Ang II-positive PSCs did not differ for 2 h. However, Ang II-
positive cells in high-glucose culture (27.7 mM) increased
significantly after 6 h, compared with those in low-glucose
cultures.G5.5, 5.5mMglucose;G27, 27mMglucose (*P<0.05
compared with low-glucose culture). B: Confocal microscopic
results of Ang II immunostaining in PSC cultures. The rate of Ang
II positivity was calculated as a percentage of total PSCs, as
described by the following equation: (number of Ang II-positive
cells/number of total PSCs)�100. Ang II-positive cells increased
markedly in high-glucose cultures at 6 h (Lt, 5.5 mM glucose; Rt,
27.7mMglucose. Red, Ang II-positive cells; green,DAPI-stained
nuclei, 400�).
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attenuated by ramiprilat or candesartan treat-
ment after 72 h in culture (Fig. 7A–C). The
degree of attenuation of protein expression was
greater after ramiprilat treatment than after
candesartan treatment.

DISCUSSION

In this study, we have shown that high
glucose significantly increased PSC prolifera-

tion and the PSC proliferation rate well corre-
lated with Ang II production. High glucose also
induced ECM protein synthesis, and this was
attenuated by an ACE inhibitor or Ang II-
receptor antagonist. To our knowledge, these
results are the first report that PSC prolifera-
tion is enhanced under high-glucose conditions
via activation of the RAS.

PSCs were first described in the pancreas in
1982 [Watari et al., 1982]. In the pancreas,
stellate-shaped cells comprise about 4% of all
pancreatic cells with a periacinar distribution
[Apte et al., 1998]. When activated by profibro-
genic mediators, such as cytokines or oxidative
stress, quiescent PSCs transform into myofi-
broblast-like cells, which are positive for a-SMA
[Wolf andNeilson, 1993; Apte et al., 1999; Kuno
et al., 2003]. PDGF and TGF-b are strong
stimuli of PSC proliferation. Many recent
reports provide evidence that activated PSCs
are one of the cell types that play a role in
pancreatic fibrogenesis, including chronic pan-
creatitis and pancreatic fibrosis [Haber et al.,
1999; Yokota et al., 2002].

In general, the RAS plays a crucial role in the
maintenance of blood pressure. Besides the
systemic effects of the RAS, some studies have
described the presence of a tissue RAS in

Fig. 5. Effects of glucose on TGF-b production in PSCs.
Although there was no increase in TGF-b after 24 h in glucose,
the TGF-b concentration in the medium increased significantly
after 48 h in high-glucose cultures (*P< 0.05 vs. low glucose).
G 5.5, 5.5 mM glucose; G 27, 27 mM glucose.

Fig. 6. The expression of extracellular matrix (ECM) proteins in response to high glucose stimulation was
determined by Western blot analysis. The expression of CTGF (A), collagen type IV (B), and fibronectin
(C) proteins was significantly increased after 48 h in 27 mM glucose, compared with culture in 5.5 mM
glucose.G 5.5, 5.5mMglucose;G 27, 27mMglucose; CTGF, connective-tissue growth factor (*P< 0.05 vs.
low glucose).
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kidney, adrenal gland, adipose tissue, pituitary
gland, and brain, in addition to the pancreas
[Crandall et al., 1994; Vinson et al., 1998;
Leung et al., 1999; Leung and Carlsson, 2001;

McKinley et al., 2003]. In rats, the mRNAs of
angiotensinogen, renin, and the Ang II receptor
subtypes have been observed in the pancreas
and localized to the epithelium of pancreatic
ducts and the endothelium of blood vessels
[Leung et al., 1999; Leung and Carlsson,
2001]. These findings suggest that Ang II and
ACE inhibitors might have a direct influence on
pancreatic islets. The pancreatic tissueRAShas
some regulatory effects in the pancreas, for
example, in pancreatic microcirculation, ductal
secretion, and islet hormone secretion [Leung
andChappell, 2003; Leung andCarlsson, 2005].
Moreover, recent studies reported that local
pancreatic islet RASwith its major components
were identified in mouse islets, having a role in
the physiological regulation of glucose-induced
insulin secretion and improving islet graft blood
flow [Fliser et al., 1997; Lau et al., 2004; Kampf
et al., 2005]. These findings showed that block-
ade of local islet RASmight be a good candidate
of treatment target to increase islet graft sur-
vival and function of transplanted islet grafts,
in addition to control of glucose-stimulated
insulin secretion.

Fig. 6. (Continued )

Fig. 7. Effects of ramiprilat and candesartan on ECM protein expression in PSCs. The expression of CTGF
(A), collagen type IV (B), and fibronectin (C) proteins was significantly attenuated after 72 h of culture by
ramiprilat or candesartan pretreatment. G 5.5, 5.5 mM glucose; G 27, 27 mM glucose; CTGF, connective-
tissue growth factor (*P<0.05 comparedwith low-glucose culture; **P<0.05 comparedwith high-glucose
culture).
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Expression of the mRNAs for components
of the tissue RAS, such as AT1a, ATb, angio-
tensinogen, and AT2, was also observed in PSC
cultures in this study, suggesting that the RAS
operates in PSC proliferation or activation. Ang
II acts through two specific receptor subtypes.
Most-known actions of Ang II are mediated by
AT1, including vasoconstriction and the deposi-
tion of matrix proteins [Leehey et al., 2000;
Bataller et al., 2003]. In our result, mRNA
expression of AT1a receptor was significantly
upregulated in response to high glucose stimuli,
whereas AT1b and AT2 showed no significant
changes of theirmRNAexpressionsaccording to
high glucose. In Western blot analysis, AT1
protein expression was significantly upregu-
lated by high glucose concentration, suggesting
that the effect of Ang II on PSCs be also
mediated by AT1.

In renal fibrosis, Ang II activates mesangial
cells, tubular cells, and interstitial fibroblasts,
increasing the expression and synthesis of ECM
proteins mediated by the release of growth
factors such as TGF-b and PDGF [Wolf and
Neilson, 1990; Wolf et al., 1993]. In addition to
its hemodynamic effects, Ang II participates in
inflammatory cell recruitment, mesangial cell
activation, and the synthesis of ECM proteins
during renal injury [Wolf et al., 1993]. There-
fore, Ang II has a possible role in fibrinogenesis

in the pancreas. Previously, we observed that
PSCs are stimulated around the pancreatic
islets in OLETF rats [Ko et al., 2004]. This
increased PSC proliferation is compatible with
the expression of a-SMA mRNA and protein,
which is related to ECM proteins. This suggests
that PSCs contribute to the pathogenesis of islet
fibrosis in this animal model of type 2 diabetes.
We could not determine previously whether
Ang II directly influences PSC proliferation.
However, in this in vitro study, the presence of
AT receptor subtypes and the upregulated
expression of AT1a, angiotensinogen, and ACE
in response to increased glucose concentrations
suggest that the RAS is directly involved in PSC
proliferation. This finding contributes to our
understanding of the mechanism by which
sustained hyperglycemia induced progressive
islet destruction by proliferation of PSCs in the
islets.

In our results, there is a difference between
the time course of RNA induction (Fig. 1) versus
protein (Fig. 3). It is generally expected that
RNA is elevated prior to the protein levels and
not the reverse. Ang II, in contrast to Ang I, is
largely cell-associated, either due to AT1 recep-
tor-dependent internalization or intracellular
generation. Ang II degradation is most likely
due to rapid metabolism in the vascular wall by
angiotensinases such as aminopeptidasesAand
M, prolyl endopeptidase, and carboxypepti-
dases [Iyer et al., 1998]. The in vivo half-life of
intact Ang II in heart, kidney, and adrenal was
approximately 15 min, compared with 0.5 min
in the circulation [van Kats et al., 1997]. But
there is little-known data about the angiotensi-
nases in vitro system, especially in PSCs. We
could not explain exactly this phenomenon;
however, it is possible that Ang II degradation
showed some discrepant pattern to in vivo
condition.

The mechanism underlying the Ang II
increase in response to glucose has not been
clarified. In the proximal tubule cells of the
kidney, a glucose-response element has been
identified in the angiotensinogen gene promo-
ter, and high glucose stimulates angiotensino-
gen synthesis in a concentration-dependent
manner [Zhang et al., 1999; Hsieh et al., 2002;
Giacchetti et al., 2005]. In mesangial cells, high
glucose induces an increase in Ang II genera-
tion, resulting from an increase in intracellular
renin activitymediated by at least three factors:
the time-dependent stimulation of (pro)renin

Fig. 7. (Continued )
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gene transcription, a reduction in prorenin
enzyme secretion, and an increased rate of
conversion of prorenin to active renin, probably
mediated by cathepsin B [Vidotti et al., 2004].
Further studies are required to clarify the exact
mechanism of high-glucose-induced Ang II
production in PSCs.
We have shown that PSCs are activated by

high glucose concentrations without PDGF or
TGF-b stimulation. We found that PSC prolif-
eration following high glucose stimulation was
accompanied by Ang II production. Moreover,
TGF-b expression increasedafter 48h in culture
medium containing high glucose, after the
increase in Ang II. Therefore, Ang II could
stimulateTGF-b synthesis,which subsequently
leads to ECM protein synthesis. Although it is
possible that high glucose itself stimulates
TGF-b production directly, independently of
Ang II, the effects of the ACE inhibitor and
AT-receptor antagonist on ECM production are
additional evidence of the role of Ang II in ECM
production. As described previously, Ang II is
closely associated with the inflammatory
response, leading to tissue fibrinogenesis
[Powell et al., 1999; Jaster, 2004; Reinehr
et al., 2004].
PSCs are involved in pancreatic fibrosis,

which causes extensive fibrotic changes in the
whole pancreas, especially in acute or chronic
pancreatitis models. Why pancreatic fibrosis
was localized to the pancreatic islets of the
animal model of type 2 diabetes in our previous
study was not elucidated. The ACE inhibitor
and AT-receptor antagonist clearly downregu-
lated CTGF and collagen type IV expression in
PSCs. Expression of these proteins was also
increased in high-glucose cultures, compared
with the non-significant changes observed in
low-glucose cultures. These findings are com-
patible with our experiments using an animal
model. The ACE inhibitor had a greater sup-
pressive effect on ECM production than did the
AT-receptor antagonist. We anticipated that
the ACE inhibitor would have a more powerful
protective action against tissue fibrogenesis
than the AT-receptor antagonist.
The beneficial effect of ACE inhibitor on

pancreatic inflammation has some important
clinical meaning. According to UKPDS results,
ramipril showed some preventive effect for
diabetes mellitus in high-risk patients group
[Yusuf et al., 2000]. The mechanism of this
preventive effect is not known, however, our

findings of in vivo [Ko et al., 2004] and this
in vitro studies could add on more evidence of
the beneficial effect of the ACE inhibitor in the
pancreatic inflammatory process.

In summary, our study shows that the expo-
sure of PSCs to high glucose concentrations
stimulated Ang II production, which was blocked
by an ACE inhibitor or an AT-receptor antago-
nist, mediated by the AT1 receptor. These
findings suggest that ACE inhibitors or AT-
receptor antagonists might be useful agents for
the prevention and/or attenuation of the islet
fibrosis induced by sustained hyperglycemia.
However, the clinical role of PSCs in type
2 diabetes mellitus should be confirmed in future
studies. Because the pathogenetic mechanism of
pancreatic fibrosis in chronic pancreatitis is
known to be related to PSCs, normalization of
blood glucose should be helpful in improving the
patient’s progress to pancreatic inflammation.
Futurestudiesof stellate cells shouldclarifyother
diseases related to tissue fibrosis, such as renal
fibrosis, liver cirrhosis, and pulmonary fibrosis.
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