Available online at www.sciencedirect.com

science (@horneer

Biochemical Pharmacology 66 (2003) 633-641

SR

ELSEVIER

www.elsevier.com/locate/biochempharm

Regulation of pancreatic stellate cell function in vitro: biological
and molecular effects of all-frans retinoic acid

Robert Jaster*, Inken Hilgendorf, Brit Fitzner, Peter Brock,
Gisela Sparmann, Jorg Emmrich, Stefan Liebe

Department of Medicine, Division of Gastroenterology, Medical Faculty, University of Rostock,
E.-Heydemann-Str. 6, 18057 Rostock, Germany

Received 28 January 2003; accepted 8 May 2003

Abstract

Pancreatic stellate cells (PSCs) are essentially involved in the development of pancreatic fibrosis, a constant feature of chronic
pancreatitis and pancreatic cancer. Profibrogenic mediators, such as ethanol metabolites and cytokines, induce a PSC activation process
that involves proliferation, enhanced production of extracellular matrix proteins and a phenotypic transition towards myofibroblasts which
includes a loss of the characteristic retinoid-containing fat droplets. Here, we have analysed how exogenous all-frans retinoic acid (ATRA)
affects activation of rat PSCs induced by sustained culture. Bromodeoxyuridine-incorporation assays indicated an ATRA-dependent
inhibition of DNA synthesis. In contrast, ATRA did not affect expression of a-smooth muscle actin, a protein typical for myofibroblasts.
Quantification of [*H]proline incorporation revealed a diminished collagen production in ATRA-treated PSCs. Furthermore, zymography
experiments showed that supernatants of ATRA-exposed PSC cultures contained higher levels of matrix metalloproteinase-9 but not of
matrix metalloproteinase-2 than untreated controls. At the level of intracellular signalling, ATRA had no effect on extracellular signal-
regulated kinase activation after incubation of PSCs with the mitogen platelet-derived growth factor (PDGF). In addition, PDGF-induced
DNA binding of activator protein-1 (AP-1) transcription factors was not inhibited by ATRA treatment. Luciferase reporter gene assays,
however, revealed an ATRA-dependent transrepression of AP-1 in PDGF-stimulated PSCs. Together, the results indicate that exogenous
ATRA displays inhibitory effects on PSC proliferation and collagen synthesis but does not block phenotypic transition towards
myofibroblasts. We hypothesise that inhibition of AP-1 signalling may be involved in the mediation of biological effects of ATRA on PSCs.
© 2003 Elsevier Inc. All rights reserved.

Keywords: Pancreatic stellate cells; Myofibroblasts; Proliferation; Collagen synthesis; All-trans retinoic acid; AP-1

1. Introduction

In the development of pancreatic fibrosis, a character-
istic feature of chronic pancreatitis and pancreatic cancer
[1,2], PSCs play a crucial role [3-5]. Profibrogenic med-
iators, such as oxidative stress, ethanol metabolites and
cytokines, stimulate fibrogenesis through the induction of
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PSC activation; a process that involves enhanced cell
proliferation, a phenotypic transition towards myofibro-
blasts as well as production of increased amounts of
collagens (types I and III) and other extracellular matrix
(ECM) proteins [3-8]. Cytokines promoting PSC activa-
tion include the mitogen PDGF and the autocrine stimu-
lator of ECM synthesis transforming growth factor-f
(TGF-B) [4,9,10]. In a previous study, we have shown that
at the intracellular level extracellular signal-regulated
kinases (ERKs) are essentially involved in the transduction
of mitogenic signals [11]. The precise molecular mechan-
isms which underlie the activation process, however,
remain to be deciphered.

Like their hepatic counterparts, the hepatic stellate cells
(HSCs), PSCs store retinoids in fat droplets [3,6,12].
Activation and phenotypic transition of HSCs and PSCs
towards myofibroblasts correlate with a strong decrease of
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cellular Vitamin A reserves [3,6,13]. Retinoids are well-
established regulators of proliferation and differentiation
of various types of cells [14], raising the question whether
Vitamin A depletion may be not just a phenomenon that
accompanies activation of stellate cells but plays a direct
role in this process. Indeed, studies with cultured HSCs
have indicated inhibitory effects of exogenous biological
active Vitamin A metabolites, such as retinoic acid (RA)
derivatives, on cell proliferation [15,16] and collagen type I
synthesis [17,18]. Still, the precise biological effects of the
various retinoids on HSCs are incompletely known. For
example, conflicting data have been reported regarding the
influence of the most studied RA derivative, ATRA, on
HSC growth [15,16,18]. More studies are also required to
test the hypothesis that HSC activation could be associated
with diminished RA responsiveness and signalling [19].
The biological functions and molecular effects of retinoids
in pancreatic stellate cells are largely unknown.

Here, we show that the Vitamin A metabolite ATRA
reduced the growth rate of stellate cells isolated from rat
pancreas as well as collagen production but did not inhibit
induction of a-smooth muscle actin (a-SMA) expression in
the course of primary culture. Furthermore, ATRA stimu-
lated expression of matrix metalloproteinase (MMP)-9. At
the level of signal transduction, ATRA displayed charac-
teristics of a transrepressor of AP-1, a transcription factor
family (composed of Fos and Jun proteins) with complex
functions in the regulation of cell growth, differentiation
and survival [20]. In contrast, AP-1 DNA binding activity
and ERK 1/2 activation were not affected by ATRA.

2. Materials and methods
2.1. Reagents

Nitrocellulose, the enhanced chemiluminescence (ECL)
Plus kit, peroxidase-labelled antibodies and radiochemi-
cals were purchased from Amersham Biosciences, the
phospho-ERK 1/2 (Thr202/Tyr204 of human ERK 1) anti-
body from New England BioLabs, the MMP-9 antibody
and the gelatinase zymography standard from Chemicon
International, the antibody to the ERK 1/2 protein and
antibodies used for supershift analysis from Santa Cruz
Biotechnologies, and polynucleotide kinase as well as
poly(dI-dC) from Roche Diagnostics. Media and supple-
ments for cell culture were obtained from Life Technologies,
rat PDGF-BB from R&D Systems and rat tail collagen from
Tebu. ATRA, ascorbate, -aminoproprionitrile (BAPN), the
o-SMA antibody and standard laboratory chemicals were
from Sigma-Aldrich.

2.2. Cell culture and ATRA treatment

Stellate cells were isolated from the pancreas of male
LEW.1W inbred rats by collagenase digestion of the organ

followed by Nycodenz density gradient centrifugation as
previously published [11,21]. PSCs were cultured in
Iscove’s modified Dulbecco’s medium (IMDM) supple-
mented with 10% fetal calf serum (FCS), 1% non-essential
amino acids (dilution of a 100 x stock solution), 100 U/mL
penicillin and 100 pg/mL streptomycin at 37° in a 5% CO,
humidified atmosphere. All experiments were performed
with cells growing in primary culture (>95% pure PSC
cultures as assessed by light, phase contrast, fluorescence
and electron microscopy), or depending on the experimen-
tal settings, with cells of the first passage. If replating of
the cells was required, PSCs were passaged on day 7 of
primary culture.

ATRA (dissolved in DMSO as a 20 mM stock solution
and stored in the dark at —80°) was diluted immediately
prior to use. All manipulations of solutions and cell cul-
tures were carried out in subdued light. ATRA-containing
media were changed every 48 hr. Corresponding control
cultures were always treated with the same final concen-
tration of DMSO (0.1% or less).

2.3. Cell proliferation assay

Cell proliferation was assessed through the quantifica-
tion of 5-bromo-2’-deoxyuridine (BrdU) incorporation into
newly synthesised DNA, using the BrdU labelling and
detection enzyme-linked immunosorbent assay kit (Roche
Diagnostics). Therefore, cells plated in 96-well plates were
grown for 2 days in the presence of ATRA or its vehicle
DMSO (control) as indicated. After 3 hr of labelling, BrdU
uptake was measured according to the manufacturer’s
instructions.

2.4. Immunoblotting

Protein extracts of PSCs growing in 6-well plates (pre-
treated as indicated) were prepared and adjusted to iden-
tical protein concentrations as previously described [11].
After protein separation (15 pg per sample) by SDS-PAGE
and blotting onto nitrocellulose filters, membranes were
blocked with 1% BSA and exposed to the indicated
protein-specific antibodies overnight at 4°. Next, blots
were incubated for 2 hr at room temperature with a horse-
radish peroxidase-labelled anti-rabbit or anti-mouse Ig
antibody, before they were developed using the ECL Plus
kit. For reprobing with additional antibodies, blots were
stripped by incubation in stripping buffer (62.5 mM Tris—
HCI, pH 6.7, 2% SDS, 100 mM 2-mercaptoethanol) at 50°
for 30 min.

2.5. Measurement of collagen synthesis

Collagen synthesis was assessed through the quantifica-
tion of [*H]proline incorporation into acetic acid-soluble
proteins as described by Becker er al. [22]. Therefore,
PSCs growing in 12-well plates were exposed for 3 days to
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ATRA or its vehicle DMSO as indicated. During the last
24 hr, medium also contained 2.5 pCi/mL [3H]proline
(48 Ci/mmol), 50 pg/mL ascorbate and 50 pg/mL BAPN.
[*H]Proline incorporation was stopped by the addition of
50 pL/mL 10 N acetic acid to each well. After an over-
night incubation at 4°, culture supernatants were trans-
ferred to microcentrifuge tubes, mixed with 100 pL/mL
FCS, 5 pg/mL rat tail collagen as well as 250 pL/mL
25% NaCl dissolved in 0.5 N acetic acid and incubated at
4° for 30 min. Afterwards, protein precipitates received
by centrifugation (30 min at 10,000 g) were washed two
times with 5% NaCl, before the pellet was dissolved
in 0.5 N acetic acid. [*H]Proline incorporation was mea-
sured by liquid scintillation counting. Raw data were
normalised on the basis of absolute cell counts determined
by trypan blue staining of PSCs cultured in parallel under
identical conditions (presence or absence of ATRA), except
that no [*H]proline was present during the last 24 hr of
incubation.

2.6. Zymography

Freshly isolated PSCs were grown for 7 days in primary
culture in the presence or absence of ATRA as indicated.
Then, the cells were washed free of FCS and cultured for
8 hr in serum-free culture medium (ATRA treatment con-
tinued). Afterwards, the supernatants were collected and
mixed 3:1 with zymography sample buffer (250 mM Tris—
HCI, pH 6.8, 10% SDS, 4% sucrose, 0.1% bromophenol
blue). To consider the different growth rates of ATRA-
exposed and untreated cells, sample volumes were adjusted
according to the protein concentrations (determined as
previously described [11]) in total cell lysates. Zymogra-
phy was performed by modification of a procedure
described by Tyagi et al. [23]. Therefore, samples and
gelatinase zymography standard were loaded onto 8%
SDS—polyacrylamide gels supplemented with 1% gelatine.
After electrophoresis, the gels were soaked in 2.5% Triton
X-100 with gentle shaking (30 min at room temperature;
one change of detergent solution), before they were incu-
bated overnight at 37° in substrate buffer (50 mM Tris—
HCI, pH 8.0, 5mM CaCl,). Finally, lysis bands were
visualised using a silver staining kit (Bio-Rad), and, after
drying of the gel, quantitated by densitometric analysis
(Image Station; Kodak).

2.7. Transient-transfection assays

For luciferase (Luc) reporter assays, the AP-1-Luc
vector (Clontech) was used, which contains the luciferase
gene driven by the TATA box of the thymidine kinase
promoter and an AP-1-dependent enhancer element. Plas-
mid DNA was purified by using Qiagen columns (Qiagen
Inc.). Prior to transfection, PSCs were washed free of
FCS and cultured for 4 hr in serum-free culture medium.
Afterwards, cells were harvested by trypsination and

resuspended in plain IMDM at 1 x 107 cells/mL. After-
wards, cells and DNA (10 pg per transfection) were pre-
incubated at 37° for 15 min, followed by electroporation
with an electroporator (350 V, 975 uF) (Bio-Rad). Ten
minutes after transfection, the cells were diluted in com-
plete culture medium, seeded onto 24-well plates in equal
densities and treated with PDGF and/or ATRA as indi-
cated. Sixteen hours later, non-adherent (mostly dead) cells
were removed by medium aspiration, and luciferase activ-
ity in the attached cells was assayed using the Constant
Light Signal kit (Roche Diagnostics). Therefore, lysis
buffer (containing all assay reagents) was added directly
to the cell monolayer, and luciferase activity was quanti-
tated using a luminometer (Berthold Technologies). For
each independent transfection, data were expressed as
percent of untreated controls (no PDGF, ATRA vehicle
DMSO only).

The growth rates of ATRA-, PDGF- and DMSO-treated
cells were analysed by cell counting (after trypan blue
staining) and found to be not significantly different after
the incubation period of only 16 hr.

2.8. Electrophoretic mobility shift assays (EMSA)

PSCs growing in 6-well culture plates and pretreated by
ATRA exposure (2 days) as indicated were cultured for
12 hr in serum-free medium (ATRA treatment continued).
Afterwards, the cells were stimulated with PDGF (10 ng/
mL) for the indicated periods of time. Nuclear extracts of
PSCs were prepared essentially as previously described
[11] and stored in aliquots at —80°.

EMSA experiments were performed as previously
described [11]. Briefly, nuclear proteins corresponding
to 10° cells were incubated with a [y2P]-end-labelled
double-stranded oligonucleotide probe (BioTez; labelling
with polynucleotide kinase) containing a consensus
sequence (bold) for the binding of AP-1 proteins (5'-
CGCTTGATGACTCAGCCGATC-3'). The binding reac-
tions (30 min at room temperature) were performed in a
total volume of 20 pL in the following buffer: 10 mM Tris—
HCI (pH 7.5), 50 mM NaCl, 0.1 mM EDTA, 1 mM dithio-
threitol, 5% glycerol, 0.1% NP40, 1 mg/mL BSA, 100 pg/
mL poly(dI-dC). For identification of DNA-bound proteins
by supershift analysis, 1 pg of the indicated antibody was
added afterwards, and the incubation continued for addi-
tional 20 min. Samples were analysed by electrophoretic
separation on a 6% non-denaturating polyacrylamide gel.
Dried gels were exposed to X-ray film.

2.9. Statistical analysis

Results are expressed as means + SEM for the indicated
number of separate cultures per experimental protocol.
Statistical significance was checked using Wilcoxon’s
rank sum test. P < 0.05 was considered to be statistically
significant.
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Fig. 1. ATRA inhibits PSC proliferation. PSCs growing in primary culture were harvested, replated at equal seeding densities in 96-well plates and treated
with ATRA at the indicated concentrations for 2 days, the time when the fastest growing cultures were almost confluent. Cell proliferation was assessed with
the BrdU DNA-incorporation assay. One hundred percent cell proliferation corresponds to PSCs exposed to DMSO only. Data from six separate cultures were
used to calculate mean values and SEM. “P < 0.05 vs. DMSO-treated control cultures.

3. Results

3.1. Effects of ATRA on PSC proliferation and
induction of a-SMA expression

To study the effect of ATRA on PSC growth, cell
proliferation after exposure to ATRA concentrations that
did not affect cell viability (analysed by trypan blue
staining) was assessed using the BrdU DNA-incorporation
assay (Fig. 1). ATRA significantly inhibited PSC prolif-
eration in the concentration range 1-10 uM.

Transition of PSCs growing in primary culture towards
a myofibroblastic phenotype was monitored by analysing
the expression of the a-SMA protein. As previously shown
[11], PSCs on day 10 after isolation and seeding express
much higher levels of «-SMA than cells on day 3, indicat-
ing progression of the activation process (Fig. 2, lanes 1
and 5). ATRA at 0.1-10 uM did not prevent the increase
of a-SMA expression (lanes 2—4). Furthermore, ATRA
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Fig. 2. ATRA does not inhibit expression of a-SMA in PSCs. Freshly
isolated PSCs were grown in primary culture in the presence of ATRA or
its vehicle DMSO (control cultures) as indicated, and cell lysates
(normalised for protein concentration) were resolved by 8% SDS-PAGE.
(A) Expression of a-SMA was assayed by immunoblotting. Results are
representative of three independent experiments. (B) To control loading,
the blot was stripped and reprobed with an anti-ERK 1/2 protein-specific
antibody.

did not cause a reduction of a-SMA protein levels when
already activated cells (day 10 after isolation) were
exposed to the retinoid (data not shown).

3.2. Inhibition of collagen synthesis and maintenance
of MMP-9 expression in ATRA-treated PCSs

The effect of ATRA on collagen synthesis in PSCs was
analysed through the quantification of [*H]proline incor-
poration into newly synthesised acid-soluble proteins.
Figure 3 shows that ATRA inhibited [*H]proline incorpora-
tion in a dose-dependent manner (maximal effect: 40%
decrease at 10 pM), suggesting a reduction of collagen
synthesis.

We also studied the effects of ATRA on the expression
of MMP-2 (gelatinase A) and MMP-9 (gelatinase B), two
members of the MMP family of matrix-degrading proteo-
lytic enzymes [24] that have previously been shown to
be secreted by PSCs [25,26]. Zymography experiments
(Fig. 4A) indicated the presence of much more MMP-9
enzyme in the supernatants of ATRA-exposed PSC cultures
(day 7 after isolation) than in corresponding controls
(compare lane 2 with lanes 3 and 4). In contrast, MMP-2
secretion was not affected by ATRA treatment. Densito-
metric quantification of lysis band intensities confirmed
these results (Fig. 4B). To further analyse MMP-9 expres-
sion, immunoblots were performed. The results indicate
a decrease of the MMP-9 protein level in PSCs in the course
of primary culture (Fig. 4C, lanes 1 and 3). In ATRA-treated
PSCs (lanes 2 and 4), MMP-9 expression remained high.

3.3. Effects of ATRA on AP-1 and ERK signalling

AP-1 transcription factors are among the key mediators
of activation signals in hepatic and pancreatic stellate cells
[11,27]," and they have previously been suggested as
important targets of ATRA signalling [28-31]. To analyse

'B. Fitzner and R. Jaster, unpublished data.
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Fig. 3. [*H]Proline incorporation is reduced in ATRA-treated PSCs. PSCs growing in 12-well plates (one passage) were exposed for 3 days to ATRA as
indicated. Collagen synthesis was analysed through the quantification of [*H]proline incorporation into acetic acid-soluble proteins, and raw data were
normalised for differences in cell growth rates as described under ““Section 2. One hundred percent [*H]proline incorporation corresponds to PSCs exposed
to DMSO only. Values are expressed as mean (+SEM) of six independent experiments. “P < 0.05 vs. DMSO-treated control cultures.

(A) standard | - ATRA (uM)

C:
=
S

888

% of basal level
w
8

MMP-2 MMP-9 MMP (5 uM ATRA)
©) s + - + ATRA (5 uM)
3 3 7 ¥ culture (days)
[ —— e | 4— MMP-9
1 2 3 £

Fig. 4. Stimulation of MMP-9 expression by ATRA treatment of PSCs.
Freshly isolated PSCs were grown in primary culture in the presence of
ATRA or its vehicle DMSO (control cells) as indicated. (A) Cells on day 7
after isolation were cultured for 8 hr under serum-free conditions (ATRA
treatment continued). Afterwards, supernatants were harvested, adjusted in
their volumes according to the protein concentrations of the corresponding
cell lysates and subjected to zymography as described under “Section 2”.
In lane 1, a gelatinase A and B zymography standard (250 pg) was loaded.
(B) MMP-2 and MMP-9 lysis band intensities were quantitated by
scanning densitometry. One hundred percent intensity corresponds to
DMSO-treated control cultures. Data of three independent experiments
were used to calculate averages and SEM. (C) Cell lysates (normalised for
protein concentration) were resolved by 8% SDS—-PAGE, and expression of
MMP-9 was assayed by immunoblotting.

if ATRA interferes with AP-1 activation in pancreatic
stellate cells, luciferase reporter gene assays with the
AP-1-Luc plasmid were performed. As shown in Fig. 5
(column 2), the mitogen PDGEF, as expected, induced an
enhanced expression of AP-1-Luc in PSCs. ATRA had
little effect on the low basal luciferase expression level
(column 1) but, at 1-10 pM, efficiently blocked the PDGF-
dependent increase (columns 3 and 4).

We have previously shown that, in PSCs, PDGF induces
the formation of an AP-1/DNA complex containing Fos
and Jun family proteins [11]. In contrast to AP-1-Luc
expression, DNA binding of AP-1 in response to PDGF
stimulation was not affected by ATRA treatment of PSCs
(Fig. 6A, compare lanes 1-3 with 4-6). Furthermore, a
supershift analysis using antibodies to c-Fos, c-Jun, JunB
and JunD (Fig. 6B) indicated the presence of these proteins
in the AP-1 complexes but revealed no differences between
control cultures (lanes 1-5) and ATRA-exposed cells (lanes
6-10), suggesting an identical complex composition. In
addition, ATRA did not inhibit PDGF-induced phosphor-
ylation of ERK 1 and 2 (Fig. 7, compare lanes 1-3 with
4-6). ERK enzymes are involved in the regulation of AP-1
activity through the induction of c-fos expression [32].

4. Discussion

The molecular principles of pancreatic stellate cell
activation, a key step in the development of pancreatic
fibrosis, are incompletely understood. One of the charac-
teristics of the activation process is a progressive decrease
in the size and number of retinoid-containing fat droplets
that proceeds in parallel to the transition of PSCs towards a
myofibroblastic phenotype [3,6]. It is therefore tempting to
speculate that RAs, which exert their effects on target cells
through binding to RA receptors (o, B and ¥ RARs) and
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Fig. 5. ATRA acts as a transrepressor of AP-1 in PSCs. PSCs, cultured for 4 hr under serum-free conditions, were transfected with AP-1-Luc, divided into
aliquots, seeded onto 24-well plates and treated with PDGF-BB (10 ng/mL) and ATRA as indicated. Luciferase activity in the adherent cells was assayed
16 hr after transfection. One hundred percent luciferase activity corresponds to PSCs exposed to the ATRA solvent DMSO only. Results of six independent
transfections were used to calculate mean values and SEM. “P < 0.05 vs. cells treated with DMSO and PDGF (no ATRA).
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Fig. 6. ATRA does not affect PDGF-induced DNA binding of AP-1 in PSCs. PSCs (one passage) pretreated by ATRA exposure for 2 days as indicated were
cultured for 12 hr in serum-free medium (ATRA treatment continued), before they were stimulated with PDGF-BB (10 ng/mL) for the indicated periods of
time. (A) Nuclear extracts were subjected to EMSA analysis using a [*?P]-labelled oligonucleotide probe with an AP-1 motif. (B) Supershift analysis was
performed by incubating the binding reactions with the indicated antibodies. The positions of complexes shifted by antibody binding are pointed out by

arrows.
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Fig. 7. ATRA does not inhibit PDGF-induced ERK 1/2 phosphorylation in
PSCs. PSCs (one passage) pretreated by ATRA exposure for 2 days as
indicated were starved from serum for 12 hr (ATRA treatment continued),
before they were stimulated with PDGF-BB (10 ng/mL) for the indicated
periods of time. Cell lysates were resolved by 8% SDS-PAGE. (A)
Phospho-ERK (P-ERK) 1/2 levels were assayed by immunoblotting. (B)
To control loading, the phospho-ERK blot was stripped and reprobed with
an anti-ERK 1/2 protein-specific antibody.

retinoid X receptors (o, p and Yy RXRs) [33] in the nucleus,
are regulatory factors in maintenance of PSCs in their
native, quiescent state.

In the current study, we have addressed the question how
treatment of PSC cultures with the biological active Vita-
min A metabolite ATRA affects the activation process both
at the cellular and molecular level. Our data indicate that
ATRA-exposed PSCs proliferate at a lower rate and synthe-
sise less collagen than untreated controls. On the other
hand, exogenous ATRA did not prevent the increase in o-
SMA expression in the course of primary culture, suggest-
ing that development of a myofibroblastic phenotype was
not interrupted by the retinoid supply.

Studies on the effects of retinoids in cultured hepatic
stellate cells, a closely related cell type playing a key role
in the development of liver fibrosis, have also shown that
retinoids are not only stored in these cells but have complex
biological functions. Thus, activated HSCs were found to
proliferate at a lower rate in response to retinoid treatment
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[15,16,34], and a reduction in type I collagen synthesis was
detected [17]. Interestingly, a reduced cell proliferation and
a diminished ECM synthesis were also observed when
HSCs were isolated from rats pretreated with retinyl
palmitate [35]. Hellemans et al. [18] directly compared
the biological effects of two RA derivatives, all-frans and
9-cis RA, on HSCs and found that only ATRA lowered the
mRNA levels of various ECM proteins (procollagen I, IIT
and IV, fibronectin and laminin), while 9-cis RA efficiently
inhibited the growth of activated HSCs. ATRA displayed a
clear antiproliferative effect only on HSCs in early primary
culture (day 2 after isolation) but not on 12-day-old
recultured cells; a finding conflicting with earlier reports
[15,16]. Our data indicate that PSCs recultured early in the
course of activation induced by sustained culture (day 7
after isolation) still show a significantly reduced growth
rate in response to ATRA treatment.

In a recent study, Huang et al. [34] observed a RA-
dependent decrease of a-SMA expression in activated
HSCs stimulated with TGF-J3, while our data revealed that
ATRA had no effect on a-SMA protein levels in primary
cultured PSCs. Here, further studies will be necessary to
analyse whether these contradictory results are due to the
specific design of the experiments, or reflect differences
between HSCs and PSCs.

In summary, our results regarding the biological effects
of exogenous ATRA on PSCs suggest that this Vitamin A
metabolite displays characteristics of a partial antagonist of
the activation process; a conclusion that is also supported
by the results of our further investigations at the molecular
level: we found that ATRA acts as a transrepressor of AP-1.
In a previous study, we have shown that the strong PSC
mitogen PDGF is also a potent activator of AP-1 transcrip-
tion factors [11]. In the course of PSC activation induced
by sustained culture, formation of AP-1/DNA complexes is
an early event that precedes enhanced expression of o-
SMA (see footnote 1). Together, these data suggest an
important role of AP-1 in the induction of PSC activation.
Furthermore, AP-1 proteins have also been implicated in
transcriptional regulation of HSC activation [27]. Target-
ing AP-1 may therefore account, at least in part, for the
biological effects of ATRA on PSCs.

How exactly ATRA and its intracellular receptors inhibit
AP-1 function in PSCs remains to be addressed in further
studies. Our data indicate that neither PDGF-stimulated
DNA binding of AP-1, nor mitogen-induced activation of
ERK 1 and 2 (upstream regulators of c-fos expression)
were blocked by ATRA pretreatment of PSCs. These
results are in agreement with a study of Suzukawa and
Colburn [31] which suggests that, in mouse epidermal
JB6 cells, RA directly inhibits transcriptional activity of
activated AP-1 dimers (containing JunB and/or the Fos
family protein Fra-1) without affecting their DNA binding.
However, alternative mechanisms, such as RA-mediated
inhibition of c-Jun N-terminal kinase [29,36], an upstream
activator of AP-1, have been proposed. Contradictory

results have also been published regarding the presence
[37] or absence [31,38] of inhibitory ATRA effects on ERK
activation. Together, these data render it likely that the
specific cellular background determines, at least in part,
through which pathways RA inhibits AP-1 signalling.

Although our data indicate a correlation between the
biological effects of ATRA and transrepression of AP-1,
they are no proof that targeting this transcription factor
complex indeed plays a decisive role in retinoid action in
PSCs, and they do not exclude the existence of alternative
mechanisms which we have not studied so far. For exam-
ple, downregulation of human kinesin-related protein
HsEg5 expression has previously been shown to be an
important principle underlying the inhibitory effect of
ATRA on pancreatic carcinoma cell growth [39].

PSCs affect ECM metabolism not only by synthesising
ECM proteins but also by modulating matrix degradation.
Our data indicate that PSCs secrete the gelatinases MMP-2
and MMP-9, confirming recently published results of
Philipps et al. [25]. In the course of primary PSC culture,
expression of the collagenase MMP-9 decreased, suggest-
ing that PSC activation is not only accompanied by an
increased collagen production but may also lead to a
diminished collagen degradation. In ATRA-exposed cells,
expression of the MMP-9 protein remained high, and
more active MMP-9 enzyme could be detected in culture
supernatants. Interestingly, the ATRA effect on gelatinase
expression was specific for MMP-9 because secretion of
MMP-2 was not affected. Studies using other types of cells
have shown similar [40,41] but also conflicting [42,43]
results regarding the effects of RA on MMP-9 expression,
indicating again the existence of cell type-specific differ-
ences in the response to RA treatment. In ATRA-exposed
PSC cultures, maintenance of MMP-9 secretion may
synergistically with suppression of collagen synthesis lead
to diminished levels of extracellular collagen; a hypothesis
that needs to be tested in further studies.

Interestingly, AP-1 transcription factors have been
implicated in the activation of the MMP-9 promoter
[44,45]. In the course of primary PSC culture, the early
formation of AP-1/DNA complexes mentioned above is
followed by a continuous decline when transition towards
a myofibroblastic phenotype proceeds (see footnote 1),
suggesting the involvement of AP-1 in the maintenance
of MMP-9 expression in PSCs. The stimulatory effects of
ATRA on MMP-9 expression and activity, however, cannot
be explained by our data regarding AP-1 activation because
ATRA acts as a transrepressor, not activator of AP-1.
Two possible explanation that have to tested further are
conceivable: firstly, ATRA directly stimulates MMP-9
promoter activity through AP-1-independent pathways
and, secondly, the effect of ATRA on MMP-9 expression
in PSCs is indirect and the consequence of phenotypic
changes in response to ATRA treatment.

Further studies are also required to decipher how ATRA
inhibits collagen synthesis in PSCs. In pilot experiments,
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we found that at least the mRNA level of ol (I) collagen
was not downregulated by ATRA exposure,” suggesting
that ATRA inhibits collagen synthesis at the post-transcrip-
tional level. Alternatively, or in addition, ATRA may
specifically reduce the transcription of other collagen
genes expressed in PSCs.

Experimental studies concerning the influence of reti-
noids on the development of hepatic fibrosis in vivo have
provided conflicting results, suggesting either inhibitory
[46], lacking [47] or even worsening [48] effects which
may depend on the precise experimental settings. Further-
more, there are case reports suggesting a possible link
between ATRA treatment of patients with promyelocytic
leukaemia and induction of acute pancreatitis [49,50]. It
seems therefore unlikely that the inhibitory effects of
retinoids on PSC activation can be exploited for therapeu-
tical purposes. Nevertheless, a systematic analysis of reti-
noid effects on pancreatic fibrosis, using well-defined
animal models of chronic pancreatitis, such as dibutyltin
dichloride-treated rats [51], would be valuable because it
could contribute to our understanding of the complex
functions of retinoids in the regulation of PSC activation
and ECM metabolism in the pancreas.

Acknowledgments

This work was supported by a grant from the Bundes-
ministerium fiir Bildung und Forschung (01Z2Z0108). We
gratefully acknowledge the excellent technical assistance
of Helga Schulze.

References

[1] Longnecker DS. Pathology and pathogenesis of diseases of the
pancreas. Am J Pathol 1983;107:103-21.

[2] Etemad B, Whitcomb DC. Chronic pancreatitis: diagnosis, classifica-
tion and new genetic developments. Gastroenterology 2001;120:
682-707.

[3] Bachem MG, Schneider E, Gro H, Weidenbach H, Schmid RM,
Menke A, Siech M, Beger H, Griinert A, Adler G. Identification,
culture, and characterisation of pancreatic stellate cells in rats and
humans. Gastroenterology 1998;115:421-32.

[4] Apte MV, Haber PS, Darby SJ, Rodgers SC, McCaughan GW, Korsten
MA, Pirola RC, Wilson JS. Pancreatic stellate cells are activated by
proinflammatory cytokines: implications for pancreatic fibrogenesis.
Gut 1999;44:534-41.

[5] Haber PS, Kegh GW, Apte MV, Moran CS, Stewart NL, Crawford
DHG, Pirola RC, McCaughan GW, Ramm GA, Wilson J. Activation of
pancreatic stellate cells in human and experimental pancreatic fibrosis.
Am J Pathol 1999;155:1087-95.

[6] Apte MV, Haber PS, Applegate TL, Norton ID, McCaughan GW,
Korsten MA, Pirola RC, Wilson JS. Periacinar stellate shaped cells in
rat pancreas: identification, isolation, and culture. Gut 1998;43:128-33.

[71 Mews P, Phillips P, Fahmy R, Korsten M, Pirola R, Wilson J, Apte M.
Pancreatic stellate cells respond to inflammatory cytokines: potential
role in chronic pancreatitis. Gut 2002;50:535-41.

2 G. Sparmann, unpublished data.

[8] Apte MV, Phillips PA, Fahmy RG, Darby SJ, Rodgers SC, McCaughan
GW, Korsten MA, Pirola RC, Naidoo D, Wilson JS. Does alcohol
directly stimulate pancreatic fibrogenesis? Gastroenterology 2000;
118:780-94.

Luttenberger T, Schmid-Kotsas A, Menke A, Siech M, Beger H, Griinert

A, Adler G. Platelet-derived growth factors stimulate proliferation and

extracellular matrix synthesis of pancreatic stellate cells: implications in

pathogenesis of pancreas fibrosis. Lab Invest 2000;80:47-55.

[10] Kruse M-L, Hildebrand PB, Timke C, Folsch UR, Schmidt WE.
TGFB1 autocrine growth control in isolated pancreatic fibroblastoid
cells/stellate cells in vitro. Regul Pept 2000;90:47-52.

[11] Jaster R, Sparmann G, Emmrich J, Liebe S. Extracellular signal-
regulated kinases are key mediators of mitogenic signals in rat
pancreatic stellate cells. Gut 2002;51:579-84.

[12] Gressner AM, Bachem MG. Molecular mechanisms of liver fibro-
genesis—a homage to the role of activated fat-storing cells. Digestion
1995;56:335-46.

[13] Friedman SL, Wei S, Blaner WS. Retinol release by activated hepatic
lipocytes: regulation by Kupffer cell-conditioned medium and PDGF.
Am J Physiol 1993;264:G947-52.

[14] Lotan R. Effects of Vitamin A and its analogs (retinoids) on normal
and neoplastic cells. Biochim Biophys Acta 1980;605:33-91.

[15] Davis BH, Kramer RT, Davidson NO. Retinoic acid modulates rat Ito
cell proliferation, collagen, and transforming growth factor beta
production. J Clin Invest 1990;86:2062-70.

[16] Pinzani M, Gentilini P, Abboud HE. Phenotypical modulation of liver
fat-storing cells by retinoids. Influence on unstimulated and growth
factor-induced cell proliferation. J Hepatol 1992;14:211-20.

[17] Sato T, Kato R, Tyson CA. Regulation of differentiated phenotype of
rat hepatic lipocytes by retinoids in primary culture. Exp Cell Res
1995;217:72-83.

[18] Hellemans K, Grinko I, Rombouts K, Schuppan D, Geerts A. All-trans
and 9-cis retinoic acid alter rat hepatic stellate cell phenotype differ-
entially. Gut 1999;45:134-42.

[19] Ohata M, Lin M, Satre M, Tsukamoto H. Diminished retinoic acid
signaling in hepatic stellate cells in cholestatic liver fibrosis. Am J
Physiol 1997;272:G589-96.

[20] Karin M, Liu ZG, Zandi E. AP-1 function and regulation. Curr Opin
Cell Biol 1997;9:240-6.

[21] Jaster R, Brock P, Sparmann G, Emmrich J, Liebe S. Inhibition of

pancreatic stellate cell activation by the hydroxymethylglutaryl coen-

zyme A reductase inhibitor lovastatin. Biochem Pharmacol 2003;65:

1295-303.

Becker D, Geissler U, Hempel U, Bierbaum S, Scharnweber D, Worch

H, Wenzel KW. Proliferation and differentiation of rat calvarial

osteoblasts on type I collagen-coated titanium alloy. J Biomed Mater

Res 2002;59:516-27.

[23] Tyagi SC, Matsubara L, Weber KT. Direct extraction and estimation of
collagenase(s) activity by zymography in microquantities of rat
myocardium and uterus. Clin Biochem 1993;26:191-8.

[24] Vu TH, Werb Z. Matrix metalloproteinases: effectors of development
and normal physiology. Genes Dev 2000;14:2123-33.

[25] Philipps PA, McCarroll JA, Park S, Wu MJ, Pirola R, Korsten M,
Wilson JS, Apte MV. Rat pancreatic stellate cells secrete matrix
metalloproteinases: implications for extracellular matrix turnover.
Gut 2003;52:275-82.

[26] Shek FWT, Benyon RC, Walker FM, McCrudden PR, Pender SLF,
Williams EJ, Johnson PA, Johnson CD, Bateman AC, Fine DR, Iredale
JP. Expression of transforming growth factor-f1 by pancreatic stellate
cells and its implications for matrix secretion and turnover in chronic
pancreatitis. Am J Pathol 2002;160:1787-98.

[27] Mann DA, Smart DE. Transcriptional regulation of hepatic stellate cell
activation. Gut 2002;50:891-6.

[28] Schule R, Rangarajan P, Yang N, Kliewer S, Ransone LJ, Bolado J,
Verma IM, Evans RM. Retinoic acid is a negative regulator of
AP-1-responsive genes. Proc Natl Acad Sci USA 1991;88:6092—-6.

[9

—

[22



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[38]

[39]

[40]

R. Jaster et al./Biochemical Pharmacology 66 (2003) 633—641 641

Caelles C, Gonzalez-Sancho JM, Munoz A. Nuclear hormone receptor
antagonism with AP-1 by inhibition of the JNK pathway. Genes Dev
1997;11:3351-64.

Kamei Y, Xu L, Heinzel T, Torchia J, Kurokawa R, Gloss B, Lin SC,
Heyman RA, Rose DW, Glass CK, Rosenfeld MG. A CBP integrator
complex mediates transcriptional activation and AP-1 inhibition by
nuclear receptors. Cell 1996;85:403-14.

Suzukawa K, Colburn NH. AP-1 transrepressing retinoic acid does not
deplete coactivators or AP-1 monomers but may target specific Jun or
Fos containing dimers. Oncogene 2002;21:2181-90.

Gille H, Kortenjann M, Thomae O, Moomaw C, Slaughter C, Cobb MH,
Shaw PE. ERK phosphorylation potentiates Elk-1-mediated ternary
complex formation and transactivation. EMBO J 1995;14:951-62.

De Luca LM. Retinoids and their receptors in differentiation, embry-
ogenesis, and neoplasia. FASEB J 1991;5:2924-33.

Huang GC, Zhang JS, Zhang YE. Effects of retinoic acid on pro-
liferation, phenotype and expression of cyclin-dependent kinase in-
hibitors in TGF-Bl-stimulated rat hepatic stellate cells. World J
Gastroenterol 2000;6:819-23.

Shiratori Y, Ichida T, Geerts A, Wisse E. Modulation of collagen
synthesis by fat-storing cells isolated from CCly- or Vitamin A-treated
rats. Dig Dis Sci 1987;32:1281-9.

Lee HY, Sueoka N, Hong WK, Mangelsdorf DJ, Claret FX, Kurie JM.
All-trans-retinoic acid inhibits Jun N-terminal kinase by increasing
dual-specificity phosphatase activity. Mol Cell Biol 1999;19:1973-80.
Sah JF, Eckert RL, Chandraratna RAS, Rorke EA. Retinoids suppress
epidermal growth factor-associated cell proliferation by inhibiting
epidermal growth factor receptor-dependent ERK 1/2 activation. J
Biol Chem 2002;277:9728-35.

Benkoussa M, Brand C, Delmotte MH, Formstecher P, Lefebvre P.
Retinoic acid receptors inhibit AP1 activation by regulating extra-
cellular signal-regulated kinase and CBP recruitment to an API-
responsive promoter. Mol Cell Biol 2002;22:4522-34.

Kaiser A, Brembeck FH, Nicke B, Wiedenmann B, Riecken EO,
Rosewicz S. All-trans-retinoic acid-mediated growth inhibition in-
volves inhibition of human kinesin-related protein HsEg5. J Biol
Chem 1999;274:18925-31.

Chambaut-Guerin AM, Herigault S, Rouet-Benzineb P, Rouher C,
Lafuma C. Induction of matrix metalloproteinase MMP-9 (92-kDa
gelatinase) by retinoic acid in human neuroblastoma SKNBE cells:
relevance to neuronal differentiation. J Neurochem 2000;74:508-17.

[41]

[42]

[43]

[44]

[45]

[40]

[47]

[48]

[49]

[50]

[51]

Shibakura M, Niiya K, Kiguchi T, Shinagawa K, Ishimaru F, Ikeda K,
Namba M, Nakata Y, Harada M, Tanimoto M. Simultaneous induction
of matrix metalloproteinase-9 and interleukin 8 by all-frans retinoic
acid in human PL-21 and NB4 myeloid leukemia cells. Br J Haematol
2002;118:419-25.

Frankenberger M, Hauck RW, Frankenberger B, Haussinger K, Maier
KL, Heyder J, Ziegler-Heitbrock HW. All trans-retinoic acid selec-
tively down-regulates matrix metalloproteinase-9 (MMP-9) and up-
regulates tissue inhibitor of metalloproteinase-1 (TIMP-1) in human
brochoalveolar lavage cells. Mol Med 2001;7:263-70.

Tsang KJ, Crowe DL. Retinoic acid and extracellular matrix inhibition
of matrix metalloproteinase 9 expression is mediated by the mitogen
activated protein kinase pathway. Int J Oncol 2001;18:369-74.
Gum R, Lengyel E, Juarez J, Chen JH, Sato H, Seiki M, Boyd D.
Stimulation of 92-kDa gelatinase promoter activity by ras is mitogen-
activated protein kinase 1-independent and requires multiple tran-
scription factor binding sites including closely spaced PEA3/ets and
AP-1 sequences. J Biol Chem 1996;271:10672-80.

Simon C, Simon M, Vucelic G, Hicks MJ, Plinkert PK, Koitschev A,
Zenner HP. The p38 SAPK pathway regulates the expression of the
MMP-9 collagenase via AP-1-dependent promoter activation. Exp
Cell Res 2001;271:344-55.

Senoo H, Wake K. Suppression of experimental hepatic fibrosis by
administration of Vitamin A. Lab Invest 1985;52:182-94.

Enzan H. Proliferation of Ito cells (fat-storing cells) in acute carbon
tetrachloride liver injury. A light and electron microscopic autoradio-
graphic study. Acta Pathol Jpn 1985;35:1301-8.

Okuno M, Moriwaki H, Imai S, Muto Y, Kawada N, Suzuki Y, Kojima
S. Retinoids exacerbate rat liver fibrosis by inducing the activation
of latent TGF-beta in liver stellate cells. Hepatology 1997;26:
913-21.

Abou Chacra L, Ghosn M, Ghayad E, Honein K. A case of pancreatitis
associated with all-trans-retinoic acid therapy in acute promyelocytic
leukemia. Hematol J 2001;2:406-7.

Hatake K, Uwai M, Ohtsuki T, Tomizuka H, Izumi T, Yoshida M,
Miura Y. Rare but important adverse effects of all-frans retinoic acid in
acute promyelocytic leukemia and their management. Int J Hematol
1997;66:13-9.

Sparmann G, Merkord J, Jaschke A, Nizze H, Jonas L, Lohr M, Liebe
S, Emmrich J. Pancreatic fibrosis in experimental pancreatitis induced
by dibutyltin dichloride. Gastroenterology 1997;112:1664-72.



	Regulation of pancreatic stellate cell function in vitro: biological and molecular effects of all-trans retinoic acid
	Introduction
	Materials and methods
	Reagents
	Cell culture and ATRA treatment
	Cell proliferation assay
	Immunoblotting
	Measurement of collagen synthesis
	Zymography
	Transient-transfection assays
	Electrophoretic mobility shift assays (EMSA)
	Statistical analysis

	Results
	Effects of ATRA on PSC proliferation and induction of alpha-SMA expression
	Inhibition of collagen synthesis and maintenance of MMP-9 expression in ATRA-treated PCSs
	Effects of ATRA on AP-1 and ERK signalling

	Discussion
	Acknowledgements
	References


