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Hyperglycemia and Hyperinsulinemia Have Additive
Effects on Activation and Proliferation of Pancreatic
Stellate Cells: Possible Explanation of Islet-specific
Fibrosis in Type 2 Diabetes Mellitus
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Abstract Pancreatic islet fibrosis observed in Type2diabetes is oneof themajor factors leading to progressiveb-cell
loss and dysfunction. Despite its importance, the mechanism of islet-restricted fibrogenesis associated with pancreatic
stellate cell (PSC) activation and proliferation remains to be defined. Therefore, we studied whether the islet-specific
environment represented by hyperglycemia and hyperinsulinemia had additive effects on the activation and proliferation
of cultured rat PSCs. Cells were stimulated to activate and proliferate with glucose and insulin, either individually or
concomitantly. Both stimuli promoted PSC proliferation and extracellular signal-regulated kinase (ERK) 1/2
phosphorylation independently, but an additive effect was also demonstrated. Blockade of ERK signaling by the
mitogen-activated protein kinase kinase (MEK) inhibitor, U0126, suppressed both glucose- and insulin-induced ERK 1/2
phosphorylation and PSCproliferation.Glucose and insulin-induced ERK1/2 phosphorylation also stimulated connective
tissue growth factor gene expression. Thus, hyperglycemia and hyperinsulinemia are two crucial mitogenic factors that
activate and proliferate PSCs, and the presence of both states will amplify this response. J. Cell. Biochem. 101: 665–675,
2007. � 2007 Wiley-Liss, Inc.
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It is well known that b-cell dysfunction and
insulin resistance are the two central, inter-
related defects in patients with Type 2 diabetes
mellitus [Welsh et al., 1993]. Progressive fibro-
sis and the subsequent loss of functional tissue
that is replaced by extracellular matrix (ECM)-
rich connective tissue containing amylin is the

main characteristic finding in the pancreatic
islets of such patients and in those with chronic
pancreatitis and pancreatic cancer [Gepts and
Lecompte, 1981; Longnecker, 1982]. In contrast
to chronic pancreatitis, in which fibrosis mainly
involves the exocrine pancreatic tissue, pan-
creatic fibrosis in patients with Type 2 diabetes
mellitus is mainly restricted to the endocrine
pancreatic tissue [Yoshikawa et al., 2002; Ko
et al., 2004]. It might play an important role for
progressive b-cell dysfunction and loss as well.

Treatment ofOtsukaLong-EvansTokushima
Fatty (OLETF) rats with the long-term angio-
tensin-converting enzyme (ACE) inhibitor,
ramipril, improved glucose tolerance by a
significant reduction of islet destruction by
fibrosis [Ko et al., 2004]. Therefore, protection
against islet fibrosis could be a new target for
prevention of the development and progression
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of Type 2 diabetes mellitus. Despite its impor-
tance, the mechanism of fibrogenesis in the
islets remains unclear.

Pancreatic stellate cells (PSCs) resemble
hepatic stellate cells (HSCs) in their morphol-
ogy and biochemical nature. The role ofHSCs in
the development of hepatic fibrosis is well
defined [Blomhoff and Wake, 1991]. Profibro-
genic inflammatory cytokines, such as trans-
forming growth factor (TGF)-b, tumor necrosis
factor (TNF)-a, and oxidative stress, serve to
activate HSCs to proliferate and transdiffer-
entiate into myofibroblast-like cells. These
secrete ECM proteins, leading eventually to
tissue fibrosis [Bachem et al., 1993]. Develop-
ment of methodology for the isolation and
culture of stellate cells from the pancreas has
providedmany opportunities for in vitro studies
on the biology of these cells. An important
aspect of such studies is the identification and
characterization of factors that may be respon-
sible for activating these cells in pathological
states. Stellate cell activation by inflammatory
mediators released during acute pancreatic
injury may be one mechanism relevant to
hyperglycemia in patients with diabetes. A
functional relationship between hyperglycemia
and fibrosis has been shown in a model of
diabetic nephropathy andhepatic fibrosis [Ziya-
deh et al., 1994; Han et al., 1999; Paradis et al.,
2001]. We found that high glucose treatment
produced a fourfold increase of ECM protein
synthesis in PSCs, suggesting that hyperglyce-
mia also has a central role in the pathogenesis of
pancreatic fibrosis [Ko et al., 2006].

However, it remains to be shown why this
fibrosis is restricted only to the islets of patients
with diabetes and in animal models of the
disease, even though the whole pancreatic
tissue is exposed tohyperglycemia.Onepossible
explanation is that PSCs in the islets may be
exposed not only to hyperglycemia but also to
local hyperinsulinemia. Insulin and insulin-like
growth factor (IGF)-1 are mitogenic for fibro-
blasts and smooth muscle cells, and there is
evidence thatHSCsare highly sensitive to these
molecules, resulting in mitogenesis and col-
lagen synthesis [Svegliati-Baroni et al., 1999].
Because insulin is a well-known growth factor
for various cells in the body, PSCs in the islets
might be predisposed to activate and proliferate
by hyperinsulinemia.

Therefore, the aim of this study was to test
whether the additive effects of hyperglycemia

and hyperinsulinemia on PSC activation and
proliferationmight explain islet-specificfibrosis
in the pathogenesis of Type 2 diabetes mellitus.

MATERIALS AND METHODS

PSC Isolation and Culture

PSCs were prepared from 12-week-old male
Sprague–Dawley rats, as described by Apte
et al. [1998] with minor modifications. Briefly,
rat pancreaswas digested inGey’s balanced salt
solution (GBSS) containing 1mg/ml collagenase
P (Boehringer-Mannheim, Indianapolis, IN),
0.02% protease (Sigma Aldrich, St. Louis,
MO), and 0.001% DNase I (Boehringer-Man-
nheim). After filtering the digested tissue
through 70 mm nylon mesh, the cells were
centrifuged into a 28.7% (w/v) solution of
Nycodenz (NycomedPharmaAS,Oslo,Norway)
at 1,400g for 20 min. The cells of interest were
separated into a fuzzy band just above the
interface of theNycodenz cushion and theGBSS
with bovine serum albumin (BSA). This band
was harvested and the cells were washed and
resuspended in a mix of Dulbecco’s Modified
Eagle’s Medium (DMEM) and F-12 medium
(1:1, v/v) containing 20% calf serum, 4 mM
glutamine and antibiotics (1,000 units/ml peni-
cillin; 1,000 mg/ml streptomycin, and 25 mg/ml
amphotericin B). Viability of the isolated cells
was assessed by trypan blue exclusion and the
cells were counted using a hemocytometer. An
aliquot of freshly isolated cells were cytospun
directly onto a slide for immunostaining and
fluorescencemicroscopy.Cells weremaintained
at 378C in a humidified atmosphere of 5% CO2/
95% air.

Immunostaining for Alpha Smooth
Muscle Actin (SMA) in PSCs

Cultured rat PSCs (Passage 2) were seeded at
a density of 0.5� 104 cells per well onto glass
coverslips in DMEM containing 10% calf serum
and 100 mg/dl glucose. After serum starvation
for 24 h, the cells were treated with D-glucose
(100 and 500 mg/dl) and insulin (10 IU/ml) for
12 h. The cultured cells were fixed with 4%
paraformaldehyde at room temperature for 30
min. After washing with phosphate-buffered
saline (PBS), fixed cells were stored at 48C in
2ml of Sorensen’s buffer until staining. Normal
donkey serum, as the blocking solution, was
added for 15 min. Cells were incubated over-
night at 48C after treatment with primary
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antibodies against a-SMA (1:400, Sigma
Aldrich). After washing with PBS, cells were
incubated in the dark for 1 h at room tempera-
ture with fluorescein isothiocyanate (FITC)-
conjugated donkey antimouse antibody (1:100
dilution, Jackson ImmunoResearch Labora-
tories, Inc., West Grove, PA). After washing,
cells weremounted in 1mg/ml propidium iodide
with an antifading medium. Digital images at
two fluorescent emission wavelengths were
acquired using a confocal microscope (Bio-Rad
Laboratories, Hercules, CA).

Determination of Cell Proliferation

The rate of cell proliferation was assessed by
measuring the incorporation of [3H]-thymidine
into DNA. Cultured rat PSCs (at Passages 2–7)
were seeded at a density of 5� 104 cells per well
in 48-well plates in DMEM containing 100 mg/
dl D-glucose and 10% fetal calf serum.After 24h,
the medium was replaced with serum-free
medium. The cells were incubated in medium
containing D-glucose (100–500 mg/dl), insulin
(0–100 IU/ml) for 48 h, with 1 mCi/well [3H]-
thymidine present for the last 24 h. To control
the effects of hyperosmolality, PSCs were also
cultured in medium containing 100 mg/dl D-
glucose supplementedwith 25mMmannitol. At
the end of the incubation, 10% trichloroacetic
acid was added and the cells were held on ice for
20 min. Cells were washed twice with 80%
ethanol and solubilized in 500 ml of cell dissolu-
tion solution (0.25 mMNaOH and 0.2% sodium
dodecyl sulfate). These were added into each
well followed by 50 ml of 5 N HCl after 15 min.
Themixture was transferred to the scintillation
vials with 4 ml of scintillant. Radioactivity was
measured using a Packard b-counter (Packard
Instruments Co., Downers Grove, IL). Each
experiment was performed in quadruplicate
and repeated at least three times.

Western Blotting

PSCs were lysed with ice-cold lysis buffer
(150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 2 mM
EDTA, 1% Nonidet P-40, 10 mM NaF, 1 mM
Na3VO4, 10 mM sodium pyrophosphate, 1 mM
phenylmethylsulfonylfluoride, 10 mg/ml apro-
tinin, 10 mg/ml leupeptin, and 0.1 mg/ml
soybean inhibitor). Cell lysates were centri-
fuged at 15,000 rpm for 5 min at 48C. Protein
concentration was measured by the Bradford
method using BSA as a standard. Proteins
(40 mg) were separated by 10% SDS–PAGE

and transferred onto nitrocellulose transfer
paper. The membranes were blocked with 5%
fat-free dry milk or 5% BSA for 1 h in Tris-
buffered saline (TBS; 25 mM Tris-HCl, pH 7.6,
and 150 mM NaCl) containing 0.1% Tween
20 (TBS-T), and then incubated with the
following primary polyclonal antibodies: anti-
extracellular signal-regulated kinase (ERK) 1/2
and antiphsopho-ERK 1/2 (Cell Signaling
Technology Inc., Beverly, MA); and anti-SMA,
anticonnective tissue growth factor (CTGF),
and anti-b-actin (Sigma-Aldrich). These were
diluted 1:1,000–1:5,000 in 1% skimmilk or BSA
in TBS-T and incubated at 48C overnight. After
washing, the membranes were incubated with
secondary peroxidase-conjugated antimouse
and antirabbit antibodies (GE Healthcare Bio-
Sciences Corp., Piscataway, NJ) diluted 1:1,000
in 1% fat-free dry milk in TBS-T at room
temperature for 1 h. Detection was achieved
using an enhanced chemiluminescence kit (GE
HealthcareBio-SciencesCorp.). Quantitation of
Western blots by densitometry was performed
with ImageMaster VSD software (GE Health-
care Bio-Sciences Corp.).

Statistical Analysis

The results are presented as themean�SDof
at least three independent experiments. Analy-
sis of variance was used to compare different
groups. Statistical significance was determined
using Student’s t tests and P< 0.05 was
assumed to be significant.

RESULTS

Effects of High Glucose and Insulin
Treatment on Activation of PSCs

As activated stellate cells exhibit positive
staining for the cytoskeletal protein a-smooth
muscle actin (SMA), a marker of PSC prolifera-
tion and ECM synthesis, we examined the
degree of a-SMAexpression by immunostaining
(Fig. 1A) and Western blotting (Fig. 1B). The
a-SMA stained cells in the culture dishes of the
control group at 12 h after culture with 100 mg/
dl glucose-containing medium were 1.3� 0.5%
of the total cells (n¼ 8 replicates). When PSCs
were treated with 10 IU/ml insulin or high
glucose (500 mg/dl), the percentages of a-SMA
positive cells increased significantly (2.1� 0.2%
and 2.9� 0.2%, respectively, n¼ 8). Those were
significantly higher than that of control group
(P< 0.05) and high-glucose stimulation was
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more potent for the activation of PSCs than
insulin (P< 0.05). Furthermore, the combined
treatment of 500 mg/dl glucose and 10 IU/ml
insulin significantly increased the percentage of
a-SMA positive cells in the dishes (3.7� 0.2%,
n¼ 8) over the other three groups (P< 0.05,
Fig. 1A). Similar results were observed in
Western blot analysis (Fig. 1B). These results
suggest that treatment with high glucose
combined with insulin accelerated rat PSC
activation more than high glucose or insulin
treatments by themselves.

The Additive Effects of Glucose and
Insulin on PSC Proliferation

PSC proliferation was significantly enhanced
by increased glucose concentrations from 100 to
500mg/dlwithvarious concentrations of insulin
in a dose-dependent manner (P< 0.05). The
additive effect of insulin on PSC proliferation
was clearly demonstrated in all groups
using various glucose concentrations (Fig. 2,
P< 0.05). The highest rate of cell proliferation

was observed when PSCs were stimulated with
the combination of 500 mg/dl and 1 IU/ml
insulin concentrations at 48 h: it was almost
sixfold higher than that of the basal condition
(P< 0.05). The addition of a supraphysiological
concentration of insulin (100 IU/ml) in the
medium had an inhibitory effect on the rate of
cell proliferation.

Role of Mitogen-Activated Protein Kinase
(MAPK) Signaling Pathway in PSC Proliferation

Stimulated by Glucose and Insulin

High glucose and insulin treatment
induced the activation of ERK 1/2. Both
glucose and insulin independently enhanced
the phosphorylation of ERK 1/2 (Fig. 3A,B).
ERK 1/2 phosphorylation by glucose was
increased significantly only at a high concen-
tration of glucose (Fig. 3A, P< 0.05). In con-
trast, ERK 1/2 phosphorylation was gradually
increased by insulin in a dose-dependent man-
ner (Fig. 3B). Interestingly, ERK 1/2 phosphor-
ylation at 500 mg/dl glucose peaked even with

Fig. 1. Effects of high glucose and insulin treatments on the
activationof quiescent PSCs.Cellswere culturedwith 100 or 500
mg/dl glucose in medium supplemented with or without 10 IU/
ml insulin for 12 h. Cells were harvested and a-SMA expression
was determined by immunostaining (A) andWestern blotting (B)
with the anti-a-SMA antibody. After 12 h, the combined
stimulation of high glucose (500 mg/dl) and/or insulin (10 IU/
ml) produced strong a-SMA immunofluorescence (A). A single
band was detected in each lane corresponding to the known

molecularweight (42 kDa) of a-SMA.Comparedwith the control
(100mg/dl glucose), therewas amarked increase in banddensity
in cells incubatedwith the combined stimulation of high glucose
and insulin (B). Means� SD of three independent experiments;
*P< 0.05 vs. 100 mg/dl glucose; **P<0.05 vs. 500 mg/dl
glucose; #P<0.05 vs. 100 mg/dl glucose þ10 IU/ml insulin.
[Color figure canbe viewed in theonline issue,which is available
at www.interscience.wiley.com.]
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the addition of a very low concentration of
insulin in the medium, with a mild decrease at
higher concentrations of insulin (Fig. 3C).
Inhibition of PSC proliferation with

U0126 (aMEK inhibitor) pretreatment. The
pretreatment of PSCs with U0126 inhibited the
ERK 1/2 activation level induced by 500 mg/dl
glucose and 10 IU/ml insulin in a dose-dependent
manner (Fig. 4A,B). The ERK 1/2 phosphoryla-
tion level induced by 500 mg/dl glucose was
reduced by more than 50% with U0126
(P< 0.05), whereas that induced by insulin was
only suppressed by ahigh concentration ofU0126
(P< 0.05). Furthermore, ERK 1/2 phosphoryla-
tion by the combined stimulation of high glucose
and insulin was completely maintained in the
range of 1–10 mM of U0126 (Fig. 4C). At 50 mM
U0126, ERK 1/2 phosphorylation induced by the
combinedadditionofhighglucoseand insulinwas
reduced to 50% of the peak: this level was still
significantly higher than that of the control
(P< 0.05).
PSC proliferation was also tested under the

same conditions. Pretreatment with U0126
reduced the PSC proliferation stimulated by
various concentrations of glucose and insulin
(Fig. 5). The inhibitory effect of U0126 was
more prominent for glucose-stimulated PSC
proliferation. When PSCs were incubated with
500 mg/dl glucose, there was a 4.5-fold increase

in cell proliferation, which was completely
abolished by 1 mM U0126. However, the effect
of U0126 on cell proliferation by insulin was
ineffective at 1 mM U0126. Levels of prolifera-
tion of both insulin-stimulated and glucose plus
insulin-stimulated PSCs were reduced only at
10 mM U0126.

Effects of High Glucose, Insulin,
and U0126 on CTGF

CTGF expression was significantly increased
by treatment with high glucose (500 mg/dl),
insulin (10 IU/ml), or both (P< 0.05). Pre-
treatment with 10 mM U0126 abolished both
glucose- and insulin-induced CTGF expression
(Fig. 6A,B).

DISCUSSION

The discovery of PSCs, which are morpholo-
gically and functionally similar to HSCs, has
provideda foundation todetermine themechan-
ism of pancreatic fibrosis in various diseases
[Watari et al., 1982]. Stable PSCs contain
vitamin A in lipid droplets, and this is observed
in normal tissues expressing musculoskeletal
markers such as desmin or glial fibrillary acidic
protein (GFAP) [Apte et al., 1998; Bachemet al.,
1998]. When pancreatic injury leads to the
increased production of profibrogenic factors,

Fig. 2. Additiveeffect of glucoseand insulinon theproliferation
of PSCs. Cells were culturedwith 100, 300, or 500mg/dl glucose
inmedium supplementedwith 0, 0.1, 1, 10, or 100 IU/ml insulin
for 48 h. Cultures were stopped and cell proliferation was
measured quantitatively as described in the methodology. The
highest rate of cell proliferation was observed when PSCs were
stimulatedwith thecombinationof 500mg/dl and1 IU/ml insulin

at 48 h: it was almost sixfold higher than the basal level. Results
are expressedas fold increases in [3H] thymidine incorporationof
controls. Means� SD of three independent experiments (n¼ 8
each); *P<0.05, 100 mg/dl vs. 300 mg/dl glucose; **P<0.05,
300 mg/dl vs. 500 mg/dl glucose; #P< 0.05, 100 mg/dl vs.
500 mg/dl glucose.
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PSCs proliferate and transform into myofibro-
blast-like cells, resulting in the increased
synthesis and secretion of ECM with increased
expression ofa-SMA [Apte et al., 1999]. That the
activation of PSC and fibrosis are related has
already been proven in animal models and
human pancreatic tissue [Bachem et al., 1998].
The increased expression of a-SMA in the
fibrotic areas of pancreatic tissue has also been
observed [Yoshikawa et al., 2002]. Cytokines
that stimulate PSC activation include platelet-
derived growth factor (PDGF), the TGF-b
family members TGF-b1 and activin A, TGF-a,

basic fibroblast growth factor, TNF-a, and
interleukin (IL)-1 and IL-6 [Apte et al., 1999;
Schneider et al., 2001; Mews et al., 2002].
Among these, TGF-b1, an isoform of TGF-b, is
a most potent fibrogenic mediator that regu-
lates the synthesis and secretion of ECM
molecules from stellate cells [Menke and Adler,
2002]. Angiotensin II (ATII), which is induced
by high levels of glucose, also stimulates
PSC proliferation and induces cell contraction
in vitro [Reinehr et al., 2004; Ko et al.,
2006]. Although the exact mechanism of high
glucose-induced ATII production needs further

Fig. 3. Glucose and insulin induced activation of ERK 1/2 in rat
PSCs in dose-dependent manners. Rat PSCs were plated at a
density of 5� 105 cells per 60 mm dish. After 24 h, the medium
was replaced with serum-free medium. A: Cells were cultured
with various concentrations of glucose-containing medium.
After incubation for 10 min, cells were harvested and ERK 1/2
activity was determined by Western blotting with antipho-
sphorylated ERK antibody. Western blotting with anti-ERK
antibody was carried out as an internal control. B: Cells were

cultured with 100 mg/dl glucose medium supplemented with 0,
0.1, 1, 10, and 100 IU/ml insulin for 10 min. C: Cells were
cultured with 500 mg/dl glucose medium supplemented with 0,
0.1, 1, 10, and 100 IU/ml insulin for 10 min. ERK1/2 activation
was inducedbyglucoseand insulin in adose-dependentmanner.
However, ERK activation in 500 mg/dl glucose reached a peak
level even with the addition of a very low concentration of
insulin. Means� SD of three independent experiments;
*P< 0.05vs. 100mg/dl glucose; #P<0.05vs. 500mg/dl glucose.
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clarification, activation of the local renin-angio-
tensin system (RAS) in the pancreas seems to be
closely associated with the inflammatory
response, leading to tissue fibrogenesis. We
have reported that application of the ACE
inhibitor ramipril suppressed pancreatic
inflammation and fibrosis in an animal model
of type 2 diabetes mellitus, the OLETF rat [Ko
et al., 2004]. By an in vitro study [Ko et al.,
2006], we demonstrated AT receptor subtypes
andupregulated expression of theATII receptor
1a (AT1a), angiotensinogen, and ACE in
response to increased glucose concentrations,

suggesting a direct effect of the RAS on PSC
proliferation. TGF-b expression was increased
later in culture medium, after the increase in
ATII. Those results suggested that hyperglyce-
mia could stimulate the activation and
proliferation of PSC through activation of
ATII-TGF-b1 signals [Ko et al., 2006]. Thus,
ACE inhibitors or AT-receptor antagonists
could be effective in preventing or attenuating
islet fibrosis in hyperglycemic patients.

Although a hyperglycemic environment
should have influenced the whole pancreas,
PSC activation and fibrosis were limitedmainly

Fig. 4. Suppression of glucose- and insulin-induced ERK1/2
phosphorylation by U0126. Rat PSCs were preincubated with
U0126 (0–50 mM) for 30 min before stimulation with glucose
and/or insulin. Cells were cultured for 10 min with 500 mg/dl
glucose (A), with 100mg/dl glucosemedium supplementedwith
10 IU/ml insulin (B), or with 500 mg/dl glucose medium
supplemented with 10 IU/ml insulin (C). Cells were harvested
and ERK 1/2 activity was determined by Western blotting using

an antiphosphorylated ERK antibody. Pretreatment of PSCs with
U0126 inhibited the ERK1/2 activation induced by glucose and
insulin in a dose-dependent manner. ERK1/2 activation induced
by the combined stimulation of glucose and insulin was reduced
to only 50% of the peak evenwith 50 mMU0126.Means� SD of
three independent experiments; *P< 0.05 vs. 100mg/dl glucose;
#P<0.05 vs. U0126 untreated controls.
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to the islets of OLETF rats. It seems that
hyperglycemia alone may not be enough to
activate PSCs in the whole pancreas, so other
factors might induce the activation of PSCs in
the islets of these diabetic rats. Insulin is a
well-known cell growth factor and is continu-
ously secreted into the capillary of the islets at
a relatively high concentration, although
patients with Type 2 diabetes mellitus shown
relative insulin deficiency in the whole body.
Therefore, we hypothesized that local hyper-
insulinemia in the islets may predispose
towards PSC activation and proliferation in a
hyperglycemic environment.

In this study, we demonstrated that hyper-
glycemia and hyperinsulinemia both promote
PSC proliferation in vitro, although the pattern
was a little different between the two treat-
ments. Glucose was more potent and enhanced
PSC proliferation gradually in a dose-depen-
dent manner. Although not as effective as
glucose, insulin also significantly influenced
PSC proliferation within a limited range of
concentrations. PSCproliferation in response to
insulin and glucose peaked at 500 mg/dl and
1 IU/ml, respectively. When treated concomi-

tantly, the peak activation was at the afore-
mentioned concentration with almost sixfold
that of the basal level, confirming the additive
effect. Although PSC proliferation increased in
a dose-dependent manner with glucose, the
addition of a high level of insulin (100 IU/ml)
seemed to play a negative role in this. The
additive effect of high glucose and insulin was
verified once again by the increase in a-SMA
expression noted by immunostaining and Wes-
tern blotting.

The signaling pathways activating stellate
cells are not yet fully understood, although the
ERK [Jaster et al., 2002] and phosphatidylino-
sitol 3-kinase (PI3-k) [Svegliati-Baroni et al.,
1999] pathways areknown tobe involved. In our
study, bothglucose and insulin inducedERK1/2
phosphorylation in dose-dependent manners. A
prominent effect on the proliferation of PSCs
was observed at low concentrations of insulin,
whereas the effect of glucose was limited to high
concentrations (400–500 mg/dl). Concomitant
treatment of insulin with high glucose also
showed a similar tendency.

U0126 is a selective inhibitor of mitogen-
activated protein kinase kinase (MEK) [Duncia

Fig. 5. U0126 inhibited glucose- and insulin-induced prolif-
eration of PSC. Rat PSCs were pretreated with U0126 (0, 1, and
10 mM) for 3 h and then stimulatedwith high glucose (500mg/dl),
10 IU/ml insulin, or combination of high glucose and insulin.
After 48 h incubation in serum-free medium, cell proliferation
was measured quantitatively as described in the methodology.
The inhibitory effect of U0126 was more prominent in glucose-

stimulated PSC proliferation, and the PSC proliferation induced
by the combined stimulation of glucose and insulin was
suppressed only at 10 mM U0126. Means� SD of three
independent experiments; *P< 0.05, 0 mM vs. 1 mM U0126;
**P< 0.05, 1 mM vs. 10 mM U0126; #P<0.05, 0 mM vs. 10 mM
U0126.
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et al., 1998]. When ERK 1/2 activity was
observed with U0126 pretreatment, the cells
treatedwith glucose showed blocking of activity
in a dose-dependent manner. However, the
increased ERK 1/2 activity produced by insulin
or insulin plus high glucose was suppressed
only at a high concentration (50 mM) of U0126.
PSC proliferation was measured under the
same conditions, which showed that U0126
was more effective in the glucose-stimulated
group; 1 mM of U0126 was enough to suppress
the PSC proliferation induced by the high
glucose treatment, whereas 10 mM was needed
to suppress the cells treated with high glucose
plus insulin. From these concordant results, we
may presume that insulin is an important
stimulus in augmenting the ERK pathway-
related PSC proliferation. However, another
pathway might play a role in insulin-induced
PSC proliferation.
CTGF, an important downstreammediator of

TGF-bactivity [Igarashi et al., 1993;Hong et al.,

1999], was significantly upregulated by high
glucose and insulin treatments, but almost
totally suppressed by U0126. Several studies
have demonstrated the importance of the ERK
pathway inCTGFproduction [Chen et al., 2002;
Stratton et al., 2002; Leask et al., 2003], and our
findings are in agreement with them.

The results of the present study are in line
with previous studies showing the stimulatory
and inhibitory effects of various mediators
(i.e., PDGF, ATII, insulin, IGF-1 and trapidil,
PD98059, AG1478, respectively) on stellate cell
proliferation in a similar manner [Marra et al.,
1999; Svegliati-Baroni et al., 1999; Jaster et al.,
2002; Hama et al., 2004]. Although there have
been several studies evaluating the effect of
glucose and insulin on cell proliferation, this
study was the first to demonstrate the response
of PSC.Recently, studies onvariousagents such
as the HMG CoA reductase inhibitor [Jaster
et al., 2003], antioxidants [Kim et al., 2001], and
thiazolidinedione [Shimizu et al., 2004] have

Fig. 6. Glucose- and insulin-induced CTGF expression in the
PSCs were suppressed by U0126. Rat PSCs were treated with 10
mMU0126 for 3hand then stimulatedwithhighglucose (500mg/
dl) and/or 10 IU/ml insulin. After 48 h incubation in serum-free
medium,Westernblot analysis (A) and scanningdensitometry (B)
showed increased CTGF expression in PSCs treated with high

glucose and/or insulin. With the 10 mMU0126 treatment, CTGF
expression was reduced significantly in all groups. Means� SD
of three independent experiments; *P< 0.05 vs. 100 mg/dl
glucose; **P<0.05 vs. 500 mg/dl glucose; #P<0.05 untreated
controls vs. 10 mMU0126.
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been shown to inhibit stellate cell activity.
These results suggest that the MAPK pathway
might be an important target for inhibiting
pancreatic fibrosis, as demonstrated here.

In conclusion, it appears that hyperglycemia
and hyperinsulinemia are two crucialmitogenic
factors leading PSCs to proliferate, and that
they act synergistically to amplify the response.
Therefore, rigorous control of the glucose level
and improvement in insulin resistance in
diabetes to regulate such conditions may sup-
press pancreatic fibrosis. Also, products such as
U0126which inhibit the fibrosis pathwaymight
be a promising agent in treating diseases that
involve this pathology, including diabetes.

REFERENCES

Apte MV, Haber PS, Applegate TL, Norton ID, McCaughan
GW, Korsten MA, Pirola RC, Wilson JS. 1998. Periacinar
stellate shaped cells in rat pancreas: Identification,
isolation, and culture. Gut 43:128–133.

Apte MV, Haber PS, Darby SJ, Rodgers SC, McCaughan
GW, KorstenMA, Pirola RC, Wilson JS. 1999. Pancreatic
stellate cells are activated by proinflammatory cytokines:
Implications for pancreatic fibrogenesis. Gut 44:534–
541.

Bachem MG, Sell KM, Melchior R, Kropf J, Eller T,
Gressner AM. 1993. Tumor necrosis factor alpha (TNFa)
and transforming growth factor b1 (TGFb1) stimulate
transdifferentiation of fat-storing cells into myofibro-
blasts and fibronectin synthesis. Virchows. Archiv B Cell
Pathol 63:123–130.

BachemMG, Schneider E, Gross H,Weidenbach H, Schmid
RM, Menke A, Siech M, Beger H, Grunert A, Adler G.
1998. Identification, culture, and characterization of
pancreatic stellate cells in rats and humans. Gastro-
enterology 115:421–432.

Blomhoff R, Wake M. 1991. Perisinusoidal stellate cells of
the liver: Important roles in retinol metabolism and
fibrosis. FASEB J 5:271–277.

Chen Y, Blom IE, Sa S, Goldschmeding R, Abraham DJ,
Leask A. 2002. CTGF expression in mesangial cells:
Involvement of SMADs, MAP kinase, and PKC. Kidney
Int 62:1149–1159.

Duncia JV, Santella JB III, Higley CA, Pitts WJ, Wityak J,
Frietze WE, Rankin FW, Sun JH, Earl RA, Tabaka C,
Teleha CA, Blom KF, Favata MF, Manos EJ, Daulerio
AJ, Stradley DA, Horiuchi K, Copeland RA, Scherle PA,
Trzaskos JM, Magolda RL, Trainor GL, Wexler RR,
Hobbs FW, Olson RE. 1998. MEK inhibitors: The
chemistry and biological activity of U0126, its analogs,
and cyclization products. Bioorg Med Chem Lett 8:2839–
2844.

Gepts W, Lecompte PM. 1981. The pancreatic islets in
diabetes. Am J Med 70:105–115.

HamaK, Ohnishi H, YasudaH, Ueda N,MashimaH, Satoh
Y, HanatsukaK, KitaH, Ohashi A, TamadaK, SuganoK.
2004. Angiotensin II stimulates DNA synthesis of rat
pancreatic stellate cells by activating ERK through EGF

receptor transactivation. Biochem Biophys Res Commun
315:905–911.

Han DC, Isono M, Hoffman BB, Ziyadeh FN. 1999. High
glucose stimulates proliferation and collagen type I
synthesis in renal cortical fibroblasts: Mediation by
autocrine activation of TGFb. J Am Soc Nephrol 10:
1891–1899.

Hong H-H, Uzel MI, Duan C, Sheff MC, Trackman PC.
1999. Regulation of lysyl oxidase, collagen, and connec-
tive tissue growth factor by TGF-b1 and detection in
human gingiva. Lab Invest 79:1655–1667.

Igarashi A, Okochi H, BradhamDM,Grotendorst GR. 1993.
Regulation of connective tissue growth factor gene
expression in human skin fibroblasts and during wound
repair. Mol Biol Cell 4:637–645.

Jaster R, Sparmann G, Emmrich J, Liebe S. 2002.
Extracellular signal regulated kinases are key mediators
of mitogenic signals in rat pancreatic stellate cells. Gut
51:579–584.

Jaster R, Brock P, Sparmann G, Emmrich J, Liebe S. 2003.
Inhibition of pancreatic stellate cell activation by the
hydroxymethylglutaryl coenzyme A reductase inhibitor
lovastatin. Biochem Pharmacol 65:1295–1303.

KimKY, Rhim TY, Choi IP, Kim SS. 2001. N-acetylcysteine
induces cell cycle arrest in hepatic stellate cells through
its reducing activity. J Biol Chem 276:40591–40598.

Ko SH, Kwon HS, Kim SR, Moon SD, Ahn YB, Song KH,
Son HS, Cha BY, Lee KW, Son HY, Kang SK, Park CG,
Lee IK, Yoon KH. 2004. Ramipril treatment suppresses
islet fibrosis in Otsuka Long-Evans Tokushima fatty
rats. Biochem Biophys Res Commun 316:114–122.

Ko SH, Hong OK, Kim JW, Ahn YB, Song KH, Cha BY, Son
HY, Kim MJ, Jeong IK, Yoon KH. 2006. High glucose
increases extracellular matrix production in pancreatic
stellate cells by activating the renin-angiotensin system.
J Cell Biochem 98:343–355.

Leask A, Holmes A, Black CM, Abraham DJ. 2003.
Connective tissue growth factor gene regulation.
Requirements for its induction by transforming growth
factor-beta2 in fibroblasts. J Biol Chem 278:13008–
13015.

Longnecker DS. 1982. Pathology and pathogenesis of
diseases of the pancreas. Am J Pathol 107:103–121.

Marra F, Arrighi MC, Fazi M, Caligiuri A, Pinzani M,
Romanelli RG, Efsen E, Laffi G, Gentilini P. 1999.
Extracellular signal-regulated kinase activation differ-
entially regulates platelet-derived growth factor’s actions
in hepatic stellate cells, and is induced by in vivo liver
injury in the rat. Hepatology 30:951–958.

Menke A, Adler G. 2002. TGFbeta-induced fibrogenesis of
pancreas. Int J Gastrointest Cancer 31:41–46.

Mews P, Phillips P, Fahmy R, Korsten M, Pirola R, Wilson
J, Apte M. 2002. Pancreatic stellate cells respond to
inflammatory cytokines: Potential role in chronic pan-
creatitis. Gut 50:535–541.

Paradis V, Perlemuter G, Bonvoust F, Dargere D, Parfait B,
Vidaud M, Conti M, Huet S, Ba N, Buffet C, Bedossa P.
2001. High glucose and hyperinsulinemia stimulate
connective tissue growth factor expression: A potential
mechanism involved in progression to fibrosis in non-
alcoholic steatohepatitis. Hepatology 34:738–744.

Reinehr R, Zoller S, Klonowski-Stumpe H, Kordes C,
Haussinger D. 2004. Effects of angiotensin II on rat
pancreatic stellate cells. Pancreas 28:129–137.

674 Hong et al.



Schneider E, Schmid-Kotsas A, Zhao J, Weidenbach H,
Schmid RM, Menke A, Adler G, Waltenberger J, Grunert
A, Bachem MG. 2001. Identification of mediators stimu-
lating proliferation and matrix synthesis of rat pancreatic
stellate cells. Am J Physiol Cell Physiol 281:C532–543.

Shimizu K, Shiratori K, Kobayashi M, Kawamata H. 2004.
Troglitazone inhibits the progression of chronic pancrea-
titis and the profibrogenic activity of pancreatic stellate
cells via a PPAR gamma-independent mechanism.
Pancreas 29:67–74.

Stratton R, Rajkumar V, Ponticos M, Nichols B, Shiwen X,
Black CM, Abraham DJ, Leask A. 2002. Prostacyclin
derivatives prevent the fibrotic response to TGF-beta
by inhibiting the Ras/MEK/ERK pathway. FASEB J 16:
1949–1951.

Svegliati-Baroni G, Ridolfi F, Sario AD, Casini A, Marucci
L, Gaggiotti G, Orlandoni P, Macarri G, Perego L,
Benedetti A, Folli F. 1999. Insulin and insulin-like
growth factor-1 stimulate proliferation and type I
collagen accumulation by human hepatic stellate cells:

Differential effects on signal transduction pathways.
Hepatology 29:1743–1751.

Watari N, Hotta Y, Mabuchi Y. 1982. Morphological studies
on a vitamin A-storing cell and its complex with
macrophage observed in mouse pancreatic tissues follow-
ing excess vitamin A administration. Okajimas Folia
Anat Jpn 58:837–858.

Welsh M, Mares J, Oberg C, Karlsson T. 1993. Genetic
factors of importance for b-cell proliferation. Diabetes
Metab Rev 9:25–36.

Yoshikawa H, Kihara Y, Taguchi M, Yamaguchi T,
Nakamura H, Otsuki M. 2002. Role of TGF-beta1 in the
development of pancreatic fibrosis in Otsuka Long-Evans
Tokushima Fatty rats. Am J Physiol Gastrointest Liver
Physiol 282:G549–558.

Ziyadeh FN, Sharma K, Eriksen M, Wolf G. 1994.
Stimulation of collagen gene expression and protein
synthesis in murine mesangial cells by high-glucose is
mediated by autocrine activation of transforming growth
factor-b. J Clin Invest 93:536–542.

Islet Specific Fibrosis by PSCs 675


