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Background and aim: The present study was conducted fo examine the effect of activin A on activation of
rat pancreatic stellate celfls {PSCs).

Methods: PSCs were prepared from rat pancreas using collagenase digestion and centrifugation with
Nycodenz gradient. Activation of PSCs was examined by determining smooth muscle actin expression
with western blotting. The presence of activin A receptors in PSCs was invesligated by reverse
transcription-polymerase chain reaction (RT-PCR), western blotfing, and immunocytochemistry. Expression
of activin A and transforming growth factor B (TGF-B) mRNA was examined by RT-PCR. Activin A and
TGF-B peptide concentrations were examined with ELISA. Existence of activin A peptide in PSCs was
investigated by immunocytochemistry. Collagen secrefion was defermined by Sirius red dye binding.
Resulis: Activin A receptors | and lla were present in PSCs. PSCs expressed activin A mRNA and secreted
activin A. Activin A enhanced PSC activation and collagen secretion in a dose dependent manner. TGF-8
and activin A increased each other’s secretion and mRNA expression of PSCs. Follistatin decreased TGF-B
mRINA expression and TGF-P secrefion of PSCs, and inhibited both PSC activation and collagen secretion.
Conclusion: Activin A is an autocrine acivator of PSCs. Follistatin can inhibit PSC acfivation and collagen

mass of 25 kDa, originally isolated from ovarian fluid

as a stimulant for follicle stimulating hormone secre-
tion." Based on its molecular structure, activin A is considered
to be a member of the transforming growth factor p (TGF-B)
superfamily.® Subsequent studies have revealed diverse
actions of activin A on cellular growth and differentiation
in various types of cells. Activin A increases the number of
gonadotrophs in anterior pituitary cultures® and modulates
differentiation of ovarian granulosa cells.* Activin A also
induces differentiation of erythroid cells® and megakaryo-
cytes,® and inhibits hepatocyte proliferation.” In the pancreas,
activin A is present in islets A and D cells® and regulates B cell
differentiation.” Follistatin is an endogenous activin A
binding protein known to block the effect of activin A.* For
instance, follistatin protected the activin inhibitory action on
hepatocyte proliferation in vitro,” and overexpression of
follistatin in epidermis of transgenic mice impaired wound
healing which is controlled by activin A."' Thus follistatin
can be used as a potent activin A blocker both in vitro and
in vivo.

Pancreatic stellate cells (PSCs) have been recently identi-
fied, isolated, and characterised.'*  In the normal pancreas,
PSCs possess fat droplets containing vitamin A and are
quiescent, defined by desmin positive but o smooth muscle
actin (o-SMA) negative staining.'? When cultured in vitro,
PSCs are autoactivated (autotransformed) changing their
morphological and functional features.”” PSCs commence
losing vitamin A containing lipid droplets, are highly
proliferative, with increasing expression of «-SMA, and
produce and secrete extracellular matrix components such
as collagen and fibronectin. Namely, PSCs are autotrans-
formed to myofibroblast-like cells. In vivo, PSCs are also
activated during both human and experimental pancreatic
fibrosis.”* Therefore, PSCs are believed to play an important
role in pancreatic fibrogenesis.

ﬁ ctivin A is a homodimeric protein with a molecular

secretion by blocking autocrined activin A and decreasing TGF-B expression and secretion of PSCs.

TGF-B is one of the major profibrogenic cytokines in
various tissues. Recently, evidence of TGF-p participation in
pancreatic fibrogenesis has been found. Transgenic mice
overexpressing TGF-B in islet cells develop fibrosis of the’
exocrine pancreas. Moreover, inhibition of TGF-B by anti-
TGF-B antibody reduced extracellular matrix production in
rat cerulein pancreatitis.”” TGF-B has also been shown to
promote PSC activation and extracellular matrix production
in an autocrine manner. TGF-B secreted from cultured PSCs
controls PSC growth and promotes their activation and
extracellular matrix production.® " In human chronic pan-
creatitis tissue, TGF- expression was observed in acinar cells
adjacent to areas of fibrosis and in spindle cells in fibrotic
bands.”* Thus TGF-B is assumed to promote pancreatic
fibrosis, in part by activating PSCs and enhancing their
extracellular matrix production. Although activin A is also a
member of the TGF-B family and its physiological role in
pancreatic Cellular differentiation has been well described,” '®
its pathophysiological role in pancreatic disorders is still
unknown. As activin A modulates cell growth and differ-
entiation of various cells in a variety of organs, it is an
interesting possibility that activin A also modifies PSC
function and participates in pancreatic fibrosis,

In the present study, we examined the effect of activin A
on PSC function. We report here that activin A activates PSCs
and collagen secretion. Furthermore, activin A is released
from PSCs, and activin A and TGF-B enhance each other's
secretion and mRNA expression of PSCs. Finally, follistatin
blocks PSC activation and collagen secretion by blocking

Abbreviations: PSC, pancretic stellate cell; HSC, hepatic stellate celf;
9-SMA, o smooth muscle actin; TGF-B, transforming growth factor B; RT-
PCR, reverse transcription-polymerase chain reaction; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase
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activin A and reducing TGF-f release and mRNA expression
of PSCs. Hence activin A is an autocrine activator of PSCs and
follistatin can be used potentially in the treatment of
pancreatic fibrosis.

METHODS

Materials

Recombinant human activin A and rabbit antiactivin A
polyclonal antibody were kindly provided by Dr Yuzuru Eto
{Ajinomoto Co., Japan). Pronase, Nycodenz, and anti-SMA
antibody were purchased from Sigma (St Louis, Missouri,
USA). DNase I was from Roche (Basel, Switzerland).
Collagenase P was from Boehringer ~Mannheim
(Mannheim, Germany). Follistatin was from R&D Systems
(Abington, UK). Antiactivin receptor type I and type Ila
antibodies were from Santa Cruz (Santa Cruz, California,
USA). Horseradish conjugated donkey antimouse IgG, Cy3
conjugated donkey antirabbit IgG, Cy3 conjugated donkey
antigoat IgG, and FITC conjugated donkey antimouse IgG
antibodies were from Jackson Immuno Research (West
Grove, Pennsylvania, USA).

{solation and culture of rat pancreatic stellate cells
Rat pancreatic stellate cells were prepared as described
previously.”? Briefly, rat pancreas was digested In Gey's
balanced salt solution supplemented with 0.05% collagenase
P, 0.02% pronase, and 0.1% DNase 1. After filtration through
nylon mesh, cells were centrifuged in a 13.2% Nycodenz
gradient at 1400 g for 20 minutes. PSCs in the band just
above the interface of the Nycodenz solution and the aqueous
one were collected, washed, and resuspended in Jscove's
modified Dulbecco’s medium containing 10% fetal calf
serum, 100 U/ml penicillin, and 100 mg/ml streptomycin.
PSCs were cultured in a 5% CO, atmosphere at 37°C. All
experiments were carried out using PSCs between passages
one and two.

Western blotting

Western blotting was carried out as described previously,”
using the enhanced chemiluminescence reagent to visualise
the secondary antibody. For gel electrophoresis, 10 pg of
protein were loaded on each lane of a 10% sodium dodecyl
sulphate-polyacrylamide gel.

Immunofluorescence microscopy

Immunofluorescence microscopy was performed as described
previously® using an Olympus BX51 microscope (Olympus
Co., Tokyo, Japan). Images were digitised and then processed
using Photoshop 5.0 software (Adobe Systems Inc.,
Mountain View, California, USA).

Quaniification of activin A and TGF-g

Concentrations of activin A and TGF-p in culture media of
PSCs were determined using commercial kits from R&D
Systems and DRG International (Mountainside, New Jersey,
USA), respectively, according to the manufacturer’s instruc-
tions.

Quantification of collagen secretion

Collagen secreted _into culture medium by PSCs was
determined using Sircol Sirius red dye (Biocolor Ltd,
Newtownabbey, UK), as described previously.® Collagen
was measured by spectrophotometry at 540 nm.

Reverse transcription-polymerase chain reaction
{RT-PCR)

Total RNA was isolated from PSCs with TRIzol reagent (Life
Technologies BRL, Grand Island, New York, USA). First
strand cDNA was made from total RNA using ReverTra Ace
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system (Toyobo, Tokyo, Japan) according to the manufac-
turer’s instructions. PCR for TGF-p was carried out using the
PCR kit for rat TGF-B (Maximbio, San Francisco, California,
USA). PCR for rat activin A B, subunit, rat activin type I
receptor, rat activin type Ila receptor, and rat glyceraldehyde-
3.phosphate dehydrogenase (GAPDH) was performed with
the following primers:

@ rat activin A B, subunit: sense 5'-GGACCTAACTCT-
CAGCCAGAGATG-3’, antisense 5'-TCTCAAA-ATG-
CAGTGTCTTCCTGG-3";

@ rat activin type I receptor: sense 5'-GGTCTAT-GAGCAGG-
GGAAGATGAC-3’, antisense 5'-ACATTITCGCCTTGCC-
AGC-3';

@ rat activin type Ila receptor: sense 5'-AGATGGAAG-
TCACACAGCCCAC-3’, antisense 5'-CAACACTGGT-
GCCTCTTTICTCTG-3";

@ rat GAPDH: sense 5'-CATGACCACAGTCCATGCCATC-3,
antisense 5'-CACCCTGTTGCTGTA-GCCATATTC-3'.

The reactions were conducted in a DNA Thermal Cycler
(Perkin-Elmer Corp., Norwalk, Connecticut, USA) with the
following cycle conditions: denaturation at 94°C for one
minute, annealing at 52°C for 45 seconds, and extension at
72°C for 45 seconds. The number of cycles was 30 for rat
activin A B, subunit, TGF-p, and rat activin receptors, and 18
for GAPDH.

Statistical analysis
ANOVA was used to determine statistical significance. A p
value of <0.05 was considered significant.

RESULTS

Activin receptors | and Ha are present in PSCs

As the first attempt to elucidate activin A effects on PSCs, we
examined the presence of activin A receptors in PSCs. As
activin receptors function as a heterodimer of type I and type
I1 receptors, we examined the presence of both activin
receptor type I and type I1a. As shown in fig 1A, RT-PCR with
primers specific for rat activin receptor I and Ila amplified
480 (activin receptor 1) and 423 (activin receptor Ila) base
pair sequences, respectively. These PCR products were
verified by sequencing (data not shown). These data indicate
that mRNAs of both activin receptors I and Ila are expressed
in PSCs. To confirm expression of activin receptor 1 and Ila
proteins, we carried out western blotting of PSC lysate using
antiactivin receptor I and Ila antibodies. As shown in fig 1B,
western blotting revealed expression of both activin receptor I
and Ila proteins in PSCs. As an independent test of the
presence of activin receptors, we applied immunocytochem-
istry using antiactivin receptor I and Ila antibodies. As shown
in fig 2, immunocytochemistry revealed that both signals of
activin type I and type Ila receptors are observed in PSCs.
These signals were abolished when antibodies were pre-
incubated with competing peptides to each antibody (data
not shown). These data indicate that activin receptor
components essential in forming functional activin receptor
heterodimers are present in PSCs.

Activin A activates PSCs and increased collagen
secretion

We next examined the effect of activin A on PSC activation
and collagen secretion. As shown in fig 3A, activin A
increased the amounts of «-SMA in PSCs in a dose dependent
manner. The maximum increase was observed at 1 nM.
Activin A also enhanced collagen secretion by PSCs (fig 3B).
These data indicate that activin A activates PSCs and suggest
activin A participation in pancreatic fibrosis.
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Figure T Expression of activin recepiors | and lia in pancreatic stellate
cells (PSCs). (A} Reverse transcription-polymerase chain reaction of
activin receptors | (lane 1) and la {lane 2) was carried out using PSC
total RNA (1 pg) as a template. The right lane is a size marker of 1 kb
DNA ladder. The bands were confirmed by sequencing. (B) Western
blotting of activin receptors | {lane 1) and ila {lane 2) was performed
usiﬂg &eir specific antibodies. Molecular markers are indicated on the
right.

Activin A is secreted from PSCs

As activin A exerts its effect in an autocrine manner in some
cell types,” * we examined whether activin A is secreted from
PSCs. As shown in fig 4, activin A peptide was detected in
PSC culture medium. In particular, activin A concentration in
PSC culture medium markedly increased on the first day after
the culture medium was changed to fresh medium. No
activin A activity was detected in fresh culture medium.
These data indicate that activin A is secreted from PSCs. As
an independent test of secretion of activin A from PSCs, we
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Figure 3 Effect of activin A on a smooth muscle actin (o-SMA]
expression and collagen secretion by pancreatic stellate cells (PSCs).
{A) Top panel: western blotting of «-SMA in total homogenates of PSCs
was carried out after 48 hours of incubation with the indicated amounts
of activin A. Activin A increased a-SMA expression of PSCs. Bofiom
panel: the blots were reprabed with anti-a-tubulin antibody. Expression
of a-tubulin profein, examined as an internal control, was not altered by
adtivin A. (B) Collagen secrefion by PSCs into culture medium during
48 hours of incubation with the indicated amounts of activin A was
quantified with Sirius red dye. Results are expressed as per cent collagen
concentration of controls. Values are means {SEM) of three independent
experiments {*p<0.05).

examined the existence of activin A peptide in PSCs with
immunocytochemistry. We applied double staining with an
antiactivin A polyclonal antibody and an anti-a-SMA

Figfure 2 Fluorescence micrographs showing the immunoreactivity of (A) activin receptor type | and (B} activin receptor type lla in pancreatic stellate
cell

s, with corresponding Nomarski images {C, D). Bar 40 um.
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Figure 4 Activin A secretion from pancredtic stellate cells. Activin A
concentration in culture medium was determined 1-4 days after the
culture medium was changed. Results are means {SEM) of three
independent experiments.

monoclonal antibody, a marker of activated PSCs. As
depicted in fig 5, activin A signals were observed as small
dots in PSCs in which a-SMA signals were detected as fine
linear architecture. These data indicate that activin A peptide
is present in PSCs, confirming that activin A is secreted from
PSCs.

Activin A and TGEF-p enhanced each other’s secretion
and mRNA expression of PSCs

In PSC activation, TGF-p is also known to play a stimulatory
role in an autocrine manner.” To elucidate the interaction of
the stimulatory effects of autocrined activin A and TGF-p on
PSC activation, we examined their effects on each other’s

Ohnishi, Miyata, Ohnishi, et al

secretion and mRNA expression of PSCs. As shown in fig 6,
activin A enhanced TGF-B secretion from PSCs in a dose
dependent manner (fig 6B). In the same manner, TGF- also
increased activin A secretion from PSCs (fig 6A). These data
indicate that activin A and TGF-§ potentiated each other’s
secretion from PSCs. Moreover, activin A and TGF-$
increased each other’'s mRNA expression in PSCs in a dose
dependent manner (fig 6C, D). These data indicate that
activin A and TGF-B coordinately activate PSCs. Moreover,
these results provide a hypothesis that blockade of autocrined
activin A may be able to decrease TGF-B mRNA expression
and TGF- secretion of PSCs, and consequently reduce PSC
activation and collagen secretion by blocking both activin A
and TGF-[ stimuli.

Follistatin decreased TGF-p secretion and mRNA
expression of PSCs

To examine this hypothesis, we investigated the effect of
follistatin, an activin A binding protein that blocks activin A
activity, on TGF-P secretion and mRNA expression of PSCs.
As shown in fig 7, follistatin decreased TGF- secretion from
PSCs in a dose dependent manner (fig 7A). Follistatin also
reduced TGF-f mRNA expression in PSCs (fig 7B). Together
with the data shown above that activin A enhanced TGF-$
secretion from PSCs, it is suggested that follistatin inhibited
TGF-J secretion and mRNA expression of PSCs by inhibiting
the autocrined activin A stimulus, indicating that follistatin
can concurrently inhibit both autocrined activin A and TGF-p
stimuli.

Follistatin inhibited PSC activation and collagen
secretion

Knowing that follistatin blocks both activin A and TGF-B
stimuli to PSCs, we finally examined whether follistatin

Figure 5 Fluorescence micragraphs showing the immunoreactivity of activin A in pancreatic stellate cells {PSCs). Cells were double stained with an
anti-activin A rabbit polyclonj antibody {B, D} and an anti-o. smooth muscle actin {e-SMA] mouse monoclonal antibody (A, C). Activin A
immunoreactivity was observed in PSCs identified with their «-SMA fine network architecture. Bars 40 pum.
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Figure 6 Effect of activin A and transforming growth factor B {TGF-B} on each other’s secretion and mRNA expression of pancreatic stellate cells
{PSCs). (A, B) Concentration of activin A {A) and TGF-B (B) secreted from PSCs into culture medium was quantified offer 48 hours of incubation with the
indicated amounts of TGF-B (A) or activin A {B). Results are means (SEM) of three independent experiments {*p<0.05, *p<0.01). {C, D) mRNA
expression of activin A BA subunit {C} and TGF-p {D) was determined by reverse transcription-polymerase chain reaction after 24 hours of incubation
with the indicated amounts of TGF-B {C) or activin A (D}, using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression as a control.

inhibits PSC activation and collagen secretion. As shown in
fig 8A, follistatin decreased a-SMA content in PSCs in a dose
dependent manner, indicating that follistatin inhibited PSC
autoactivation. In addition, as shown in fig 8B, follistatin
inhibited collagen secretion by PSCs. These data indicate that
follistatin is a potent inhibitor of PSC activation and collagen
secretion.

DISCUSSION
In this study, we demonstrated that activin A activates PSCs
and promotes collagen secretion in an autocrine manner. We
also showed that activin A and TGF- enhance each other’s
secretion and mRNA expression of PSCs. We also found that
follistatin, an activin A binding and blocking protein, inhibits
TGF-B secretion and mRNA expression of PSCs and
attenuates PSC activation and collagen secretion. These data
suggest the participation of activin A in pancreatic fibrosis
and the potential application of follistatin in its treatment.
With regard to the effects of activin A on the pancreas,
much attention has been directed towards its physiological
role in regulation and differentiation of pancreatic islet cells.
Activin A has been shown to be present in progenitor cells of
fetal pancreas™ and in islet A and D cells of adult pancreatic
islets.® Both in vitro and in vivo studies have revealed that
activin A regulates differentiation of pancreatic endocrine
cells.” * It is also reported that activin A stimulates insulin
release from islet B cells.® To date, however, activin A
participation in pancreatic disorders, including pancreatic
fibrosis, has been uncertain and its presence in PSCs has not
been described. Thus the current study provides the first
evidence of activin A participation in pancreatic fibrosis.
The mechanism of digestive organ fibrosis has been
extensively studied on hepatic fibrosis, including hepatic

stellate cell (HSC) participation. Thus the mechanism of
pancreatic fibrosis has been assessed in the analogy of that of
hepatic fibrosis. Although activin A has been demonstrated to
contribute to hepatic fibrosis and to increase HSC collagen
expression,® * it is noteworthy that the cellular source of
activin A is quite different between the pancreas and liver. In
both normal and fibrotic livers, activin A is mainly expressed
in parenchymal hepatocytes.”* Although HSCs express
activin A,* the cellular population of parenchymal hepato-
cytes is much greater than that of HSCs in the liver. Thus it is
assumed that activin A promotes hepatic fibrosis mainly in a
paracrine manner. In contrast, pancreatic acinar cells, a
major inhabitant of the pancreas, do not express activin A2
Although A and D cells in pancreatic islets express activin A,
their population is small, especially in fibrotic pancreas.
Therefore, it can be postulated that activin A activates PSCs
and promotes pancreatic fibrosis in an autocrine manner.
Taken together, we suggest that distinct mechanisms under-
lie pancreatic and hepatic fibrosis.

Our observations that activin A and TGF-p increased each
other’s mRNA expression and secretion of PSCs are unique.
They imply the existence of an autocrine loop of activin A and
TGF-f in PSCs. In parenchymal hepatocytes, both activin A
and TGF-§ are expressed and regulate their proliferation in
an autocrine manner.” * However, the interaction between
autocrined activin A and TGF- in hepatocyte growth control
is still unknown. The current study demonstrated, for the
first time, the interaction between autocrined activin A and
TGF-B, suggesting activin A and TGF-B synergistically
promote pancreatic fibrosis. Although this interaction implies
that both activin A and TGF-p are potent fibrogenic factors, it
provides a novel therapeutic strategy for pancreatic fibrosis.
Accordingly, blockade of either activin A or TGF-p can inhibit
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Figure 7 Effect of follistatin on transforming growth factor B (TGF-p)
secretion and mRNA expression of pancreatic stellate cells (PSCs).

{A) Concentration of TGF-P secreted from PSCs into culture medium was
quantified after 48 hours of incubation with the indicated amounts of
follistatin. Results are means {SEM) of three independent experiments
{(*p<<0.05, *p<0.01}. (B) mRNA expression of TGF-B in PSCs was
determined by reverse iranscripfion-polymerase chain reaction after
24 hours of incubation with the indicated amounts of follistatin, using
glyceraldehyde-3-phosphate dehydrogenase {GAPDH] mRNA

both effects of activin A and TGF-p on PSC activation.
Indeed, follistatin reduced TGF-B secretion and mRNA
expression of PSCs and potently inhibited PSC activation
and collagen secretion (figs 7, 8). These results suggest that
follistatin may be a potential therapeutic agent to inhibit
pancreatic fibrosis. In this respect, it has been reported that
both intraportally and intravenously administrated follistatin
accelerated liver regeneration after partial hepatectomy,* *
suggesting follistatin can play a therapeutic role in vivo. Thus
an in vivo study of the inhibitory effects of follistatin on
pancreatic fibrosis is warranted.

Although follistatin is a potent inhibitor of TGF-§ expres-
sion and collagen secretion of PSCs, even high doses of
follistatin could not cause complete loss of TGF-B expression
or of collagen secretion (figs 7, 8). Recently, Shek ef al
reported that blockade of autocrined TGF-B by its neutralis-
ing antibodies could not completely abolish collagen synth-
esis by PSCs, which is consistent with our observations.”
These data suggest the involvement of additional mechan-
isms in the regulation of TGF-B and collagen expression in
PSCs apart from the autocrine loop of activin A and TGF-f. In
this respect, Mews ¢t al reported that collagen synthesis of
PSCs is enhanced by various cytokines such as tumour
necrosis factor o and interleukin 10.° In other cell types,
TGF-B expression is increased by interleukin I’' and platelet
derived growth factor,” to which PSCs respond.” Although it
is still uncertain that these cytokines are secreied from PSCs,
HSCs have been shown to express and secrete a variety of
cytokines, including interleukins.”>* Thus the possibility that
autocrined cytokines other than activin A and TGF-$ might
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Figure 8 Effect of follistatin on pancreatic stellate cell PSC) activation
and collagen secretion. {A) Tap panel: western blotfing of o smooth
muscle actin {a-SMA) in total homogenates of PSCs was carried out after
48 hours of incubation with the indicated amounts of follistatin.
Follistatin reduced a-SMA expression of PSCs. Bottom panel: the blots
were reprobed with unti-a~tugulin antibody. Expression of a-tubulin
protein, exarined as an internal control, was not altered by activin A.
{B) Collagen secretion by PSCs into culture medium during 48 hours of
incubation with the indicated amounts of follistatin was quantified with
Sirius red dye. Results are expressed as per cent collagen concentration
of control. Values are means {SEM) of three independent experiments
(*p<0.05).

regulate collagen and TGE-P expression in PSCs deserves
further investigation.

In addition to the effect on cellular differentiation and
activation, activin A possesses inhibitory effect on the
proliferation of various cells, including pancreatic acinar
cells.’® However, exogenous activin A (1-10 nM) did not alter
PSC >H-thymidine uptake. In addition, follistatin (1-10 nM)
increased it by only 10-15% (our unpublished data). Thus the
inhibitory effect of activin A on PSC proliferation may be, if
any, much smaller than that of TGF-B."

In conclusion, we have shown that activin A is an
autocrine activator of PSCs and follistatin inhibited PSC
activation. These observations provide new insights for
understanding the mechanism of pancreatic fibrosis and
developing novel therapeutic sirategies.
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Pancreatic stellate cells (PSCs) play a major role in
promoting pancreatic fibrosis. Transforming growth
factor-B, (IGF-B,) regulates PSC activation and prolif-
eration in an autocrine manner. The intracellular sig-
naling pathways of the regulation were examined in this
study. Immunoprecipitation and immunocytochemistry
revealed that Smad2, Smad3, and Smad4 were function-
ally expressed in PSCs. Adenovirus-mediated expres-
sion of Smad2, Smad3, or dominant-negative Smad2/3
did not alter TGF-g, mRNA expression level or the
amount of autocrine TGF-3, peptide. However, expres-
sion of dominant-negative Smad2/3 inhibited PSC acti-
vation and enhanced their proliferation. Co-expression
of Smad2 with dominant-negative Smad2/3 restored PSC
activation inhibited by dominant-negative Smad2/3 ex-
pression without changing their proliferation. By con-
trast, co-expression of Smad3 with dominant-negative
Smad2/3 attenuated PSC proliferation enhanced by
dominant-negative Smad?2/3 expression without altering
their activation. Exogenous TGF-B, increased TGFg,
mRNA expression in PSCs. However, PD98059, a specific
inhibitor of mitogen-activated protein kinase kinase
(MEK1), inhibited ERK activation by TGF-8,, and conse-
quently attenuated TGF-B; enhancement of its own
mRNA expréssion in PSCs. We propose that TGF-g, dif-
ferentially regulates PSC activation, proliferation, and
TGF-B, mRNA expression through Smad2-, Smad3-, and
ERK-dependent pathways, respectively.

Pancreatic stellate cells (PSCs)! were recently identified,
isolated, and characterized (1, 2). In the normal pancreas, PSCs
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possess fat droplets containing vitamin A and are quiescent. In
the quiescent state they are characterized by desmin-positive
but a-smooth muscle actin (a-SMA)-negative staining (1).
When cultured in vitro, PSCs are autoactivated (autotrans-
formed), changing their morphological and functional features
(2). PSCs commence losing vitamin A containing lipid droplets,
highly proliferating, increasing expression of ¢-SMA, and pro-
ducing and secreting extracellular matrix components such as
collagen and fibronectin. Namely, PSCs are autotransformed to
myofibroblast-like cells. In vivo, PSCs are also activated during
both human and experimental pancreatic fibrosis (3). There-
fore, PSCs are believed to play an important role in pancreatic
fibrogenesis.

TGF-B, is one of major profibrogenic cytokines in various
tissues. Recently, evidence for TGF-B participation in pancre-
atic fibrogenesis has been mounting. In this regard, it has been
noted that transgenic mice overexpressing TGF-B, in islet cells
develop fibrosis of exocrine pancreas (4). Moreover, inhibition
of TGF-B; by anti-TGF-B, antibody reduced extracellular ma-
trix production in rat cerulein pancreatitis (5). TGF-#; has also
been shown to promote PSC activation and collagen production
and to inhibit proliferation of PSCs in an autocrine manner (6,
7). In human chronic pancreatitis tissue, TGF-B; expression
was observed in acinar cells adjacent to areas of fibrosis and in
spindle cells in fibrotic bands (3). Thus, TGF-g, is thought to
promote pancreatic fibrosis, in part by modulating PSC func-
tions. However, the intracellular signaling pathway(s) through
which TGF-g, regulates PSC functions is still uncertain.

Sma- and Mad-related proteins (Smads) are a group of re-
cently identified molecules that function as intracellular sig-
naling mediators and modulators of TGF-B family members (8,
9). Smads can be classified into three groups: receptor-regu-
lated Smads (R-Smads), common mediator Smad (Co-Smads),
and inhibitory Smads (I-Smad). In TGF-B signaling pathway,
Smad2 and Smad3 function as R-Smads, Smad4 functions as a
Co-Smad, and Smad7 functions as an I-Smad. Upon TGF-8
binding to TGF-B type II receptor, the type II receptor kinase
phosphorylates the GS domain of TGF-B type I receptor, lead-
ing to activation of the type I receptor. The activated type I
receptor kinase phosphorylates Smad2 and Smad3 (R-Smads)
at two serine residues in the SSXS motif at their extreme C
termini (10, 11). Phosphorylated Smad2 and Smad3 form oli-
gomeric complexes with Smad4 (Co-Smad); the complexes then
translocate into the nucleus. These complexes then activate the
transcription of target genes. Thus, TGF-g intracellular signal-
ing involves dual Smad-dependent pathways, namely, Smad2-
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and Smad3-dependent pathways. In addition to Smad-medi-
ated signaling pathways, other signaling pathways have also
been shown to mediate TGF-p signaling. For example, TGF-3
activates Rho-GTPase, mitogen-activated protein kinases, and
protein kinase B (12). However, a direct link between these
mediators and TGF-$ receptors has not been demonstrated
unequivocally (12).

Because TGF-B, stimulus is transduced through the multi-
ple intracellular pathways described above, the elucidation of
the signaling pathways through which TGF-B; regulates PSC
functions is likely to provide new insights related to the molec-
ular pathogenesis of pancreatic fibrosis. We therefore con-
ducted the present study to examine these pathways by apply-
ing adenovirus-mediated overexpression of Smad2 and Smad3.
However, because Smad2 and Smad3 compete with each other
at the receptor and for Smad4-binding steps for their activa-
tion, overexpression of Smad2 and Smad3 blocks endogenous
Smad3 and Smad2 functions by competing at the binding steps
to TGF-B receptor and Smad4. Thus, the possibility remains
that the observed effects of Smad?2 and Smad3 overexpression
on PSC functions may result from the blockade of endogenous
Smad3 and Smad2 function but may not result from the en-
hancement of Smad2 and Smad3 activity by their overexpres-
sion. To exclude this possibility, we investigated Smad2- and
Smad3-specific roles in TGF-B, regulation of PSC functions by
co-expression of dominant-negative Smad2/3 with Smad?2 or
Smad3. Although the dominant-negative Smad2/3 mutant was
generated by substituting Glu for Asp-407 of Smad3, which is
defective in TGF-$ receptor-dependent phosphorylation, this
mutant possesses a dominant-negative effect on both Smad2
and Smad3 (13). Thus, we designated the mutant as dominant-
negative Smad2/3. In this way, expression of dominant-nega-
tive Smad2/3 blocks both endogenous Smad2 and Smad3 func-
tions at TGF-B receptor-dependent phosphorylation step.
Therefore, the co-expression of Smad2 or Smad3 with domi-
nant-negative Smad2/3 rescues only Smad2- or Smad3-depend-
ent pathways, respectively. Thus, we can examine Smad2- and
Smad3-specific signaling pathways. Using this method, we
demonstrated that TGF-f, activates PSCs through a Smad?2-
dependent pathway and inhibits their proliferation through a
Smad3-dependent pathway. Moreover, TGF-8; enhanced its
own mRNA expression and peptide secretion of PSCs through
an ERK-dependent pathway.

EXPERIMENTAL PROCEDURES

Materials—Nycodenz, Pronase, and anti-a-SMA antibody were pur-
chased from Sigma. DNase I and collagenase P were from Roche Ap-
plied Science. Anti-Smad2, anti-Smad3, anti-Smad4, and anti-ERK an-
tibodies were purchased from Santa Cruz (Santa Cruz, CA). Anti-
phosphorylated ERK was from Cell Signaling (Beverly, MA).
Horseradish peroxidase (HRP)-conjugated donkey anti-goat IgG, HRP-
conjugated donkey anti-mouse IgG, HRP-conjugated donkey anti-rabbit
IgG, and Cy3-conjugated donkey anti-goat IgG antibodies were from
Jackson ImmunoResearch (West Grove, PA). PD98058 was from Cal-
biochem (San Diego, CA).

Isolation and Culture of Rat Pancreatic Stellate Cells—Rat pancre-
atic stellate cells were prepared as described (1). Briefly, rat pancreas
was digested in Gey’s balanced salt solution supplemented with 0.05%
collagenase P, 0.02% Pronase, and 0.1% DNase. After filtration through
nylon mesh, the cells were centrifuged on a 13.2% Nycodenz gradient at
1400 X g for 20 min. PSCs were collected from the band just above the
interface of the Nycodenz solution and the aqueous layer, washed, and
resuspended in Iscove’s modified Dulbecco’s medium containing 10%
fetal calf serum, 100 units/ml penicillin, and 100 mg/ml streptomycin.
PSCs were cultured in a 5% CO, atmosphere at 37 °C. All of the
experiments were carried out using PSCs from passages 2 and 3.

Immunoprecipitation and Western Blotting—Immunoprecipitation
was performed as described previously (14). Western blotting was car-
ried out as described before (15), using enhanced chemiluminescence
reagent to visualize the secondary antibody.

Adenovirus Infection—Recombinant adenoviruses containing recom-
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Fi6. 1. Immunoprecipitation of Smad2, Smad3, and Smad4.
Smad proteins were immunoprecipitated (IP) from PSC lysate using
polyclonal antibodies against each Smad protein. The immunoprecipi-
tates were fractioned on a 10% sodium dodecyl sulfate-polyacrylamide
gel and transferred to a nitrocellulose membrane, Western blotting of
the immunoprecipitates was carried out with the same antibodies used
for each immunoprecipitation.

-Gl
Stalniny

AdLacZ(-} AdLacz{+)

Smad?

Srmadl

TGF-A{+)

TGER{-)

Fic. 2. TGF-B,induces nuclear translocation of both Smad2
and Smad3 in PSCs. Immunocytochemical analysis of nuclear accu-
mulation of Smad2 and Smad3 was performed using PSCs that were
transfected with Smad2 or Smad3 adenoviral vectors and overex-
pressed the proteins. A and B, infection efficiency of adenovirus was
determined by using AdLacZ infection and in situ staining with X-gal.
C-F, PSCs were infected with AdSmad2 (C and D) or AdSmad3 (E and
F). The cells were stained with anti-Smad2 (C and D) or anti-Smad3 ¢
and F) antibodies before (C and E) and after (D and F) 2 h of stimulation
with 10 pm TGF-8,. Bars, 40 pum.

binant Smad DNAs were kindly provided by Dr. Miyazono (University
of Tokyo, Takyo, Japan). For a single adenovirus infection, the cells
were infected with a recombinant adenovirus at a dose of 10 plague-
forming units (pfu)/cell in the culture media described above. In the
experiments using double adenovirus infection, the cells were infected
with dominant-negative Smad2/3 adenovirus (AdDNSmad2/3) at a
dose of 10 pfu/cell, simultaneously with Smad2 (AdSmad?) or Smad3
(AdSmad3) adenovirus at doses of 1, 5, or 10 pfu/cell. Subsequent
experiments were performed 48 h after infection. An adenovirus ex-
pressing S-galactosidase (AdLacZ) was used as an infection control.

Immunofluorescence Microscopy—Immunofluorescence microscopy
was performed as described previously (15, 16). The samples were
examined by epifluorescence microscopy (see Fig. 2) and confocal fluo-
réscence microscopy (see Fig. 3) (Fluoview FV300; Olympus, Tokyo,
Japan) using an Olympus BX51 microscope. The images were digitized
and then processed using Photoshop 5.0 software (Adobe Systems Inc.,
Mountain View, CA).

Measurement of DNA Synthesis—DNA synthesis was determined by
measuring [*Hlthymidine incorporation into cells. PH]Thymidine was
added to the culture medium and incubated for 2 h, and the incorpora-
tion of radioactivity was measured as described previously (17).

Measurement of TGF-B, Peptide Secretion—TGF-8, peptide secretion
was examined by determining the concentration of TGF-B, peptide
in a culture medium of PSCs using a commercial kit from DRG
International (Mountainside, NJ), according to the manufacturer’s
instructions.

Competitive Reverse Transcription-PCR of TGF-B, mRNA—Total
RNA was obtained from PCS cells by using ISOGEN (Wako, Tokyo,
Japan), followed with synthesis of double-stranded DNA as described
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cell AADNSmad2/3 (A and B) or combina-
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mad2/3 + lpfu/cell AdSmad2 (E and F),
or 10 pfu/cell AADNSmad2/3 + 10 pfu/cell
AdSmad2 (G and H). The cells were
stained with anti-Smad2 (C-H) or anti-
Smad3 (A and B) antibodies before (4, C,
E, and G) and after (B, D, F,and H) 2 h
of stimulation with 10 pm TGF-B. Bars,
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FiG. 4. Overexpression of Smad2, Smad3, or dominant-nega-
tive Smad2/3 did not alter TGF-B, mRNA expression level in
PSCs. PSCs were infected with AdLacZ, AdSmad2, AdSmad3, or
AdDNSmad2/3. TGF-8, mRNA expression in PSCs was determined
with competitive reverse transcription-PCR 48 h after the infection.

previously (18). Competitive PCR of TGF-8; mRNA was performed
using the competitive PCR kit for rat TGF-8, (Maxim Biotech Inc., San
Francisco, CA) according to the manufacturer’s instructions. In this
method, 189- and 250-bp PCR fragments are generated by amplifying a
DNA competitor and rat TGF-8, cDNA, respectively.

RESULTS

Expression of Smad2, Smad3, and Smad4 Proteins in PSCs—
We first examined the expression of R-Smads (Smad2 and
Smad3) and Co-Smad (Smad4) in rat PSCs. To this end, we

AdlLacZ
PSCs. PSCs were infected with 10 pfu/ 4
AdSrmad2
{1 pfu/cell}

AdDNSmad2/3
40 pm. . +
AdSmad2

{1 pfulecell)

8875

TGF-B ()

anl-

TABLE 1
TGF-B, peptide concentration (ngfml) in the culture medium of PSCs
infected with AdSmad2, AdSmad3, or AADNSmad2/3
TGF-B, peptide concentration was determined in PSC culture me-
dium 2 days after each adenovirus infection using enzyme-linked im-
munosorbent assay. The values are expressed as the means * S.E. for
three independent experiments. DN, dominant-negative.

LacZ 2.65 + 0.45
Smad2 2.23 = 0.22
Smad3 2.55 + 0.28
DN-Smad?2/3 2.26 * 0.36

performed immunoprecipitation of Smad2, Smad3, and Smad4
from crude extract of rat PSCs, using antibodies specific to each
Smad. As shown in Fig. 1, all of the three Smads were immu-
noprecipitated from rat PSCs, suggesting that essential com-
ponents of both Smad2- and Smad3-dependent TGF-8, signal-
ing pathways are present in PSCs.

TGF-B8 Induced the Nuclear Accumulation of both Smad2
and Smad3 in PSCs—We next examined whether Smad2- and
Smad3-dependent TGF-, signaling pathways are functioning
in PSCs. Because the levels of endogenously expressed Smad?2
and Smad3 are not sufficient to detect by immunochemistry
using specific antibodies, we used adenovirus-mediated over-
expression of Smad2 and Smad3 in PSCs. We first determined
the infection efficiency by using AdLacZ infection and in situ
staining with X-gal. As shown in Fig. 2, more than 98% of
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AdLacZ-infected PSCs expressed B-galactosidase (Fig. 2, A and
B). In PSCs infected with AdSmad2 and AdSmad3, sufficient
expression of Smad2 and Smad3 was observed by immunocy-
tochemistry (Fig. 2, C and E). When treated with 10 pm TGF-B,,
both Smad2 and Smad3 accumulated in the nucleus (Fig. 2, D
and F). These data indicate that functional Smad2- and Smad3-
dependent signaling pathways are present in PSCs.

Infection Efficacy and Characterization of AADNSmad2/3 in
PSCs—We subsequently attempted to elucidate the intracellu-
lar signaling pathways through which autocrine TGF-8; mod-
ulates PSC functions using AdSmad2, AdSmad3, and AJDNS-
mad2/3. As described above, infection of AdSmad2 and
AdSmad3 into cells resulted in expression of sufficient quanti-
ties of functional Smad2 and Smad3 proteins in PSCs, respec-
tively. Thus, we next characterized AADNSmad2/3 infection in
PSCs with confocal immunofluorescence microscopy. In this
experiment, we utilized anti-Smad3 antibody to identify dom-
inant-negative Smad2/3 protein expression because AdDNS-
mad2/3 was generated by substituting Glu for Asp-407 of
smad3. As shown in Fig. 3, AADNSmad2/3 infection induced
expression of sufficient quantities of dominant-negative
Smad2/3 protein throughout the cytoplasm in PSCs (Fig. 34).
When stimulated with 10 pM TGF-B;, dominant-negative

&-SMA

AdLacZ | e .
AdSmad2 | . 4 o .
AdSmad3: - ~ b
AdONSmad2/3) » = + + + + 4+ + +

Fic. 5. Effects of Smad2, Smad3, and dominant-negative
Smad2/3 overexpression on «-SMA expression in PSCs. PSCs
were infected with AdLacZ, AdSmad2, AdSmad3, or AdDNSmad2/3.
For double adenovirus infection experiments, PSCs were infected with
the combination of AdSmad2 and AdDNSmad2/3 or that of AdSmad3
and AdDNSmad2/3. After 48 h of incubation, total homogenates were
prepared from PSCs, and aliquots of 10 ug of protein of the homoge-
nates were subjected to electrophoresis on 10% sodium dodecyl sulfate-
polyacrylamide gels and transferred to nitrocellulose membranes.
Western blotting was carried out using anti-«-SMA monoclonal anti-
bodies. The results shown are representative of three independent
experiments.
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Smad2/3 did not accumulate in the nucleus but remained in the
cytoplasm (Fig. 3B). These data demonstrate that the ex-
pressed dominant-negative Smad2/3 protein is functionally de-
fective in TGF-B signaling. In COS7 cells, the expression of
dominant-negative Smad2/3 has been shown to inhibit both
Smad2- and Smad3-dependent TGF-j signaling pathways by
blocking Smad2 and Smad3 phosphorylation by TGE- -B type 1
receptor (13). We thus performed the next experiments to con-
firm the dominant-negative nature of AADNSmad?2/3 infection
in TGF-g signaling in PSCs. To this end, we investigated the
effect of AJDNSamd2/3 and AdSmad2 double infection on
Smad2 function in PSCs. When AdLacZ (10 pfu/cell) and AdS-
mad2 (1 pfu/cell) were co-infected, overexpressed Smad? accu-
mulated in the nucleus after stimulation with 10 pm TGF- -B1
(Fig. 3, C and D). In contrast, when AdDNSmad2/3 (10 pfu/cell)
was co-infected with AdSmad2 (1 pfu/cell) into PSCs, overex-
pressed Smad2 did not accumulate in the nucleus but remained
in the cytoplasm (Fig. 3, E and F). These data imply that
dominant-negative Smad2/3 blocks Smad2 nuclear accumula-
tion after TGF-B stimulation, indicating the dominant-negative
effect of AdSmad2/3 infection on Smad-dependent TGF-B sig-
naling -pathway in PSCs. We further examined the effect of
higher dose infection of AdSmad2 on the dominant-negative
effect of AdSmad2/3 infection. When AdSmad2 was infected at
the dose of 10 pfu/cell with AdDNSmad2/3 (10 pfu/cell), over-
expressed Smad2 accumulated in the nucleus after stimulation
with 10 pm TGF-B,, although it remained in the cytoplasm to
some extent (Fig. 3, G and H). These data indicate that the
Smad2- and Smad3-dependent signaling pathways attenuated
by AdDNSmad2/3 infection can be rescued by higher doses of
co-infected AdSmad2 or AdSmad3.

Infection of AdSmad2, AdSmad3, or AdDNSmad2/3 Did Not
Alter TGF-B; mRNA Expression or TGF-§ , Peptide Secretion of
PSCs—After the evaluation of the effects of infection of these
adenoviruses on TGF-B signaling pathways in PSCs as de-
scribed above, we examined whether their infection into PSCs
alters TGF-B; mRNA expression level and the amount of au-
tocrine TGF-8; peptide of PSCs. As shown in Fig. 4, TGF-B,
mRNA expression level of PSCs was not altered by the infection
of AdSmad2, AdSmad3, or AADNSmad?2/3. In addition, TGF- B
peptide secretion from PSCs was not affected by their infection
(Table I). These data indicate that we can observe the effect of
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these adenoviruses infections on diverse PSC functions modu-
lated by autocrine TGF-B,, regardless of the effect of the infec-
tion on the amount of autocrine TGF-B;.

Effects of Smad2, Smad3, and Dominant-negative Smad2/3
Overexpression on PSC Activation—We examined involvement
of Smad? and Smad3 in PSC activation using adenovirus-
mediated overexpression of the proteins. PSC activation was
examined by determining the amount of «-SMA protein in
PSCs with Western blotting. Overexpression of dominant-neg-
ative Smad?2/3 inhibited PSC activation (Fig. 5), indicating that
TGF-B, activates PSCs through a Smad-dependent pathway.
Moreover, overexpression of Smad2 but not Smad3 enhanced
PSC activation, suggesting that TGF-B; activates PSCs
through a Smad2-dependent but not a Smad3-dependent path-
way. However, because both Smad2 and Smad3 compete with
each other for receptor and for Smad4 binding steps for the
activation of their pathways as described above, the possibility
remained that the positive effect of Smad2 overexpression on
PSC activation may have resulted from inhibition of endoge-
nous Smad3 function and not the involvement of Smad2-de-
pendent pathway in TGF-8, induced PSC activation. To ex-
clude this possibility, we investigated Smad2- and Smad3-
specific roles in TGF-B,-induced PSC activation by co-infection
of AADNSmad2/3 with AdSmad2 or AdSmad3. As shown in Fig.
5, AdSmad2 co-infection with AdDNSmad2/3 rescued PSC ac-
tivation inhibited by AdDNSmad2/3. On the other hand, AdS-
mad3 co-infection with AJDNSmad2/3 did not alter PSC acti-
vation inhibited by AADNSmad2/3. These data suggest that
TGF-B,; activates PSCs through a Smad2-dependent pathway .

Effects of Smad2, Smad3, and Dominant-negative Smad2/3
Overexpression on PSC Proliferation—We next examined the
pathway through which TGF-B, inhibits PSC proliferation.
PSC proliferation was examined by determining DNA synthe-
sis by means of [*H]thymidine incorporation. AdDNSmad2/3
infection enhanced PSC proliferation, whereas AdSmad3 infec-
tion inhibited it (Fig. 6), suggesting that TGF-B, inhibits PSC
proliferation through a Smad3-dependent pathway. Moreover,
results of the co-infection method showed that AdSmad3 co-
infection with AdDNSmad2/3 inhibited PSC proliferation en-
hanced by AdDNSmad2/3. On the other hand, AdSmad2 co-
infection with AdDNSmad2/3 did not alter PSC proliferation
augmented by AdDNSmad2/3 infection. These data suggest
that TGF-8, inhibits PSC proliferation through a Smad3-de-
pendent pathway.

TGF-B8, Enhanced TGF-B; mRNA Expression of PSCs
through an ERK-dependent Pathway—As described above,
TGF-8, mRNA expression of PSCs was not affected by the
infection of AdSmad2, AdSmad3, or AdDNSmad?2/3, suggesting
that the regulation of TGF-8; mRNA expression in PSCs is
independent of Smad-dependent signaling pathways. Thus, we
next attempted to elucidate the regulatory mechanism of
TGF-B; mRNA expression in PSCs. To this end, we first exam-
ined whether TGF-B; modulates its own mRNA expression in
PSCs. As shown in Fig. 74, the addition of exogenous TGF-8,
into the culture medium of PSCs enhanced TGF-B; mRNA
expression in a dose-dependent manner, indicating TGF-B,
autoinduction independent of Smad-mediated signaling. Be-
cause mitogen-activated protein kinases including ERKs are
also TGF-B signaling mediators (12), we examined the partic-
ipation of ERK-dependent pathway in the autoinduction of
TGF-B, mRNA in PSCs. For this purpose, we blocked ERK
activation by using the MEK1 inhibitor PD98059. PD98059
pretreatment decreased TGF-8, mRNA expression in PSCs
(Fig. 7B, first and second lanes). Moreover, the addition of
exogenous TGF-B, into the culture medium could not enhance
TGF-B; mRNA expression in PSCs pretreated with PD98059
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Fic. 7. Effect of MEK1 inhibitor PD98059 on TGF-$,autoinduc-
tion in PSCs. A, cultured PSCs were incubated for 48 h with the
indicated amounts of TGF-g,. After incubation, TGF-B, mRNA expres-
sion in PSCs was determined by competitive reverse transcription-PCR.
B, After 2 h of pretreatment with (second and third lanes) or without
(first lane) 10 nM PD98059, cultured PSCs were incubated for 24 h in
the presence (third lane) or absence (first and second lanes) of 100 pm
TGF-8,. C, TGF-B, peptide secreted into culture medium during 48 h of
incubation in the presence (right column) or absence (left column) of 10
nM PD 98059 was determined with enzyme-linked immunosorbent as-
say. D, After 2 h of pretreatment with (¢hird and fourth lanes) or
without (first and second lanes) 10 nM PD98059, cultured PSCs were
incubated for 30 min in the presence (second and fourth lanes) or
absence (first and third lanes) of 100 pmM TGF-B,. The activation of ERK
was then determined by Western blotting using anti-phosphorylated
ERK1/2 antibody (upper panel). Western blotting with anti-ERK1/2
antibody (lower panel) was carried out as an internal control.

(Fig. B, first and second lanes). Consistent with these data,
PD98059 pretreatment decreased TGF-B; peptide secretion
from PSCs (Fig. 7C). Finally, we confirmed that TGF-8; acti-
vates ERK in PSCs (Fig. 7D, first and second lanes), and
PD98059 pretreatment blocked ERK activation (Fig. 7D, third
and fourth lanes) These data indicate that TGF-B; autoinduc-
tion in PSCs is regulated through an ERK-dependent pathway.

DISCUSSION

In this study, we demonstrated that TGF-8, regulates vari-
ous PSC functions through distinct intracellular signaling
pathways. Adenovirus-mediated dominant-negative Smad2/3
expression inhibited PSC activation and enhanced their prolif-
eration but did not alter TGF-8; mRNA expression. Co-expres-
sion of Smad?2 with dominant-negative Smad2/3 restored the
PSC activation inhibited by dominant-negative Smad2/3 ex-
pression. In contrast, co-expression of Smad3 with dominant-
negative Smad2/3 attenuated the proliferation enhanced by
dominant-negative Smad2/3 expression. Moreover, exogenous
TGF-B, increased TGF-f; mRNA expression in PSCs, and
MEK]1 inhibitor PD98059 blocked it. Accordingly, TGF-, en-
hances PSC activation, inhibits their proliferation, and in-
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creases their TGF-8; mRNA expression through Smad2-,
Smad3-, and ERK-dependent pathways, respectively.

Although TGF-B signaling is mediated by both Smad2- and
Smad3-dependent pathways, their functional difference has
been uncertain. However, studies using targeted homozygous
deletion of Smad2 and Smad3 genes in mice revealed their
distinct functions in embryo development. Smad2 knockout
mice are embryonic lethal because of the defects of left-right
patterning and mesoderm induction (19, 20). In contrast,
Smad3 knockout mice are viable but are smaller than wild-type
littermates and show forelimb malformation and die because of
immune function defects (21, 22). In addition, using hepatic
stellate cells (HSCs) derived from the Smad3 knockout mice,
Schnabl et al. (23) recently elucidated the Smad3 specific role
in cellular function. They reported that Smad3 is necessary for
TGF-B-mediated inhibition of HSC proliferation but not for
HSC activation, which is consistent with our data on Smad3
function in PSC proliferation. However, the specific role of
Smad2 in HSC function has not yet been demonstrated. Re-
cently, using fibroblasts derived from both embryos of Smad2
and Smad3 knockout mice, Piek et al. (24) reported that Smad2
and Smad3 mediated the transcription of distinct genes in
fibroblasts stimulated by TGF-B. Indeed, these cell systems are
useful for comparing the functions of Smad2 and Smad3 in cells
derived from embryos of knockout mice. However, because
Smad2 knockout is lethal to embryonic mice because of embryo
development defects, it had been difficult to examine specific
roles of Smad2 and Smad3 concurrently in fully differentiated
cells derived from matured organs. In the present study, how-
ever, we have demonstrated specific roles of Smad2 and Smad3
in TGF-B; regulation of PSC functions isolated from the ma-
ture pancreas by employing adenovirus-mediated co-expres-
sion of Smad2 or Smad3 with dominant-negative Smad2/3. It is
noteworthy that this method can be widely applied for the
study on TGF-B intracellular signaling pathway in a variety of
mature organs because adenovirus-mediated gene transfer is
highly effective in various cell types.

Our present observations that TGF-B8, activates PSCs
through a Smad2-dependent pathway and inhibits PSCs pro-
liferation through a Smad3-dependent pathway provide a novel
therapeutic strategy for pancreatic fibrosis. Because TGF-B, is
a key activator of PSCs (7) and a main inducer of pancreatic
fibrosis (4), the therapeutic effect of TGF-8, stimulus inhibition
on pancreatic fibrosis has been extensively studied. For exam-
ple, Menke et al. (5) reported that inhibition of TGF-B, by
injection of neutralizing TGF-8, antibody reduced extracellular
matrix formation in pancreatitis in vivo. However, TGF-8, is
also an autocrine inhibitor of PSC proliferation (6). Thus, block-
ade of TGF-B; activity promotes PSC proliferation. ¥ TGF-g,
stimuli on PSC activation could be selectively blocked without
diminishing the TGF-B, inhibitory effect on PSC proliferation,
it could be a more potent therapeutic method for pancreatic
fibrosis. In this respect, our present data indicate that selective
blockade of the Smad2-dependent pathway without affecting
the Smad3-dependent pathway can be a novel strategy for the
treatment of pancreatic fibrosis .

Our data on TGF-8; mRNA expression and peptide secretion
of PSCs are important. Because TGF-8, mRNA expression and
TGF-B, peptide secretion of PSCs were not affected by overex-
pression of Smad2, Smad3, or dominant-negative Smad2/3, we
could apply their overexpression and co-expression to observe
Smad2- and Smad3-specific roles in the regulation of PSC
function by autocrine TGF-8;. We also demonstrated that
TGF-B; enhanced its own mRNA expression through a Smad-

Smad and Pancreatic Stellate Cells

independent but ERK-dependent pathway. To date, TGF-8,
has been shown to augment the expression of its own mRNA
(25) in both normal and transformed cells, and the promoter
sequences of TGF-B, gene responsive to the autoinduction have
been identified (26). In addition, Yue and Mulder (27) reported
that MEK-ERK pathway activation is required for TGF-g,
expression induced by TGF-8;, 2 TGF-B isoform derived from a
gene distinct from that of TGF-B,. However, the intracellular
signaling pathway of TGF-B, autoinduction has never been
demonstrated. Thus, to our knowledge, this is the first report
that has elucidated the intracellular signaling pathway of
TGF-B; autoinduction.

In conclusion, we showed that TGF-g; regulates PSC activa-
tion, proliferation, and TGF-B; mRNA expression through
Smad2-, Smad3-, and ERK-dependent pathways, respectively.
These observations provide new insights for understanding the
mechanism of pancreatic fibrosis and developing a novel ther-
apeutic strategy for its treatment.
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Abstract

Although angiotensin II (Ang IT) is known to participate in pancreatic fibrosis, little is known as to the mechanism by which Ang
II promotes pancreatic fibrosis. To elucidate the mechanism, we examined the action of Ang I on the proliferation of rat pancreatic
stellate cells (PSCs) that play central roles in pancreatic fibrosis. Immunocytochemistry and Western blotting demonstrated that
both Ang II type 1 and type 2 receptors were expressed in PSCs. [PH]Thymidine incorporation assay revealed that Ang IT enhanced
DNA synthesis in PSCs, which was blocked by Ang II type 1 receptor antagonist losartan. Western blotting using anti-phospho-
epidermal growth factor (EGF) receptor and anti-phospho-extracellular signal regulated kinase (ERK) antibodies showed that Ang
II-activated EGF receptor and ERK. Both EGF receptor kinase inhibitor AG1478 and MEK1 inhibitor PD98059 attenuated ERK
activation and DNA synthesis enhanced by Ang II. These results indicate that Ang II stimulates PSC proliferation through EGF

receptor transactivation—ERK activation pathway.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Angiotensin 1I; Pancreatic stellate cell; Pancreatic fibrosis; Epidermal growth factor receptor; Transactivation; Extracellular signal

regulated kinase

Angiotensin IT (Ang II) is an octapeptide that exerts
diverse physiological and pathological actions on car-
diovascular systems. It physiologically regulates blood
pressure, aldosterone secretion, and salts and potassium
homeostasis by acting on vascular smooth muscle, kid-
ney, and adrenal gland [1]. Ang Il also acts as a growth
factor of myocytes and myofibroblasts in pathological
conditions such as remodeling and. fibrosis of the heart
after chronic hypertension and myocardial infarctions
[2]. Besides the action on cardiovascular systems, Ang II

* Abbreviations: Ang 11, angiotensin 1I; ERK, extracellular signal
regulated kinase; MEK, mitogen-activated protein kinase kinase; PSC,
pancreatic stellate cell; AT, receptor, angiotensin II type 1 receptor;
AT, receptor, angiotensin II type 2 receptor; GPCR, GTP-binding
protein coupled receptor; a-SMA, a-smooth muscle actin.

* Corresponding author. Fax: +81-285-44-8297.

E-mail address: hohnishi@jichi.ac.jp (H. Ohnishi).

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2004.01.155

has been recently revealed to play important roles in
extra-cardiovascular organs. For example, angiotensin
II is localized to brain and regulates neurotransmitters
release [3]. Ang II also functions in reproductive sys-
tems. Ang II mediates electrolyte and fluid secretion of
epididymis [4], and also regulates ovarian steroidogen-
esis such as estrogen [5]. In addition to the various
physiological actions, Ang II participates in tissue repair
and fibrogenesis of extra-cardiovascular organs. Ang II
promotes pulmonary fibrosis after lung injury [6]
and also mediates hepatic fibrosis after chronic liver
injury [7].

In pancreas, the presence of rennin-angiotensin sys-
tem has been recently demonstrated. Both angiotensin 11
type 1 (AT;) and type 2 (AT,) receptors are immuno-
cytochemically localized to pancreatic ductal and acinar
cells [§]. Moreover, expression of both rennin and Ang II
precursor angiotensinogen has been also demonstrated
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in pancreas [9,10]. These recent observations suggest that
Ang II may physiologically regulate pancreatic func-
tions. More recently, Ang IT has been also suggested to
play pathophysiological roles in acute and chronic pan-
creatic injury. Leung et al. [11] reported that experi-
mentally induced acute pancreatitis caused significantly
increased expression of angiotensinogen and both AT,
and AT, receptors in pancreas. Their group further re-
ported that blockade of Ang II receptors attenuated
pancreatic tissue injury in experimental acute pancrea-
titis [12]. As to chronic pancreatic injury, Chan et al. [13]
reported that chronic hypoxia markedly enhanced ex-
pression of angiotensinogen, AT; and AT, receptors in
pancreas, suggesting the possible participation of Ang II
in pancreatic chronic injury. In this respect, Kuno et al.
[14] demonstrated that angiotensin converting enzyme
inhibitor attenuated pancreatic fibrosis in vivo, indicat-
ing that angiotensin Il promotes pancreatic fibrosis.
However, the precise mechanism of Ang II promoting
action on pancreatic fibrosis is still unknown.

Pancreatic stellate cells (PSCs) are recently identified,
isolated, and characterized [15,16]. In the normal pan-
creas, PSCs possess fat droplets containing vitamin A
and are quiescently defined with desmin positive but
a-smooth muscle actin (a-SMA) negative staining [16].
When cultured in vitro, PSCs are auto-activated (auto-
transformed) changing their morphological and func-
tional features [15]. PSCs commence losing vitamin A
containing lipid droplets, highly proliferating, increasing
expression of a-SMA, and producing and secreting ex-
tracellular matrix components such as collagen and fi-
bronectin. Namely, PSCs are auto-transformed to
myofibroblast-like cells. In vivo, PSCs are also activated
during both human and experimental pancreatic fibrosis
[17]. Therefore, PSCs are believed to play an important
role in pancreatic fibrogenesis. Since Ang II has been
suggested to participate in pancreatic fibrogenesis as
described above, we hypothesized that Ang II may
modulate PSC functions and consequently promote
pancreatic fibrosis. We thus conducted the present study
to examine the effect of Ang II on PSCs. We report
here that Ang II enhances DNA synthesis in PSCs
through AT receptor. Experiments are then expanded
elucidating the intracellular molecular mechanism of
Ang II enhancement of DNA synthesis in PSCs. Our
results indicate that Ang II increased DNA synthesis
in PSCs by activating ERK through EGF receptor
transactivation.

Materials and methods

Reagents. Recombinant human Ang IT was purchased from Peptide
Institute (Osaka, Japan). Pronase, Nycodenz, and PD123319 were
from Sigma (St. Louis, Missouri, USA). DNase I was from Roche
(Basel, Switzerland). Collagenase P was from Boehringer—Mannheim
(Mannheim, Germany). AG1478 and PD98059 were from Calbiochem

(San Diego, California, USA). Anti-AT; rabbit polyclonal, anti-AT,
rabbit polyclonal, and anti-tyrosine-phospho-ERK mouse monoclonal
antibodies were from Santa Cruz (Santa Cruz, California, USA). Anti-
ERK rabbit polyclonal antibody was from Cell Signaling (Beverly,
MA, USA). HRP-conjugated donkey anti-mouse IgG, HRP-conju-
gated donkey anti-rabbit IgG, and Cy3-conjugated donkey anti-rabbit
IgG antibodies were from Jackson Immuno Research (West Grove,
Pennsylvania, USA). Losartan is a gift from Banyu Pharmaceutical
(Tokyo, Japan).

Isolation and culture of rat pancreatic stellate cells. Rat pancreatic
stellate cells were prepared as described [16]. Briefly, rat pancreas was
digested in Gey’s balanced salt solution supplemented with 0.05%
collagenase P, 0.02% pronase, and 0.1% DNase I. After filtration
through nylon mesh, cells were centrifuged in a 13.2% Nycodenz
gradient at 1400g for 20 min. PSCs in the band just above the inter-
face of the Nycodenz solution and the aqueous one were collected,
washed, and resuspended in Iscove’s modified Dulbecco’s medium
containing 10 % fetal calf serum, 100 U/m! penicillin, and 100 mg/ml
streptomycin. PSCs were cultured in a 5% CO2 atmosphere at 37°C.
All experiments were carried out using PSCs between passages one
and two.

Measurement of DNA synthesis. DNA synthesis was examined by
measuring [PH]thymidine incorporation into cells. PHIThymidine was
added to the culture medium and incubated for 6h, and PH]thymidine
incorporation was measured as described previously [18].

Western blotting. Western blotting was carried out as described
previously [19], using the enhanced chemiluminescence reagent to vi-
sualize the secondary antibody. For gel electrophoresis, 10 ug protein
was loaded on each lane of a 10% (for Ang II receptors and ERK) or a
7.5% (for EGF receptor) sodium dodecyl sulfate-polyacrylamide gel.

Immunofluorescence microscopy. Immunofluorescence microscopy
was performed as described previously [20], using an Olympus BX51
microscope (Olympus Tokyo, Japan). Images were digitized and then
processed using Photoshop 5.0 software (Adobe Systems, Mountain
View, California, USA).

Statistical analysis. ANOVA was used to determine statistical
significance. A value of P < 0.05 was considered significant.

Results
ATy and AT, receptors are present in PSCs

As the first attempt to elucidate Ang II effects on
PSCs, we examined the presence of Ang II receptors in
PSCs. As shown in Fig. 1A, Western blotting revealed
that both AT, and AT, receptor proteins are expressed
in PSCs. Moreover, immunocytochemistry also re-
vealed that both signals of AT, and AT, receptors are
observed in PSCs (Fig. 1B). These signals were abol-
ished when antibodies were preincubated with com-
peting peptides. to each antibody (data not shown).
These data indicate that AT, and AT, receptors are
present in PSCs.

Ang Il increased DN A synthesis in PSCs through Ang II
type I receptor

We next examined the effect of Ang II on PSC pro-
liferation. To examine PSC proliferation, we determined
DNA synthesis in PSCs using [*H]thymidine incorpo-
ration assay. As shown in Fig. 2A, Ang IT enhanced
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