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Abstract

AIM: Activated pancreatic stellate cells (PSCs) are implicated
in the pathogenesis of pancreatic inflammation and fibrosis,
where oxidative stress is thought to play a key role. 4-hydroxy-
2,3-nonenal (HNE) is generated endogenously during the
process of lipid peroxidation, and has been accepted as a
mediator of oxidative stress. The aim of this study was to
clarify the effects of HNE on the activation of signal
transduction pathways and cellular functions in PSCs.

METHODS: PSCs were isolated from the pancreas of male
Wistar rats after perfusion with collagenase P, and used in
their culture-activated, myofibroblast-like phenotype unless
otherwise stated. PSCs were treated with physiologically
relevant and non-cytotoxic concentrations (up to 5 umol/L)
of HNE. Activation of transcription factors was examined
by electrophoretic mobility shift assay and luciferase assay.
Activation of mitogen-activated protein (MAP) kinases was
assessed by Western blotting using anti-phosphospecific
antibodies. Cell proliferation was assessed by measuring
the incorporation of 5-bromo-2'-deoxyuridine. Production
of type I collagen and monocyte chemoattractant protein-1
was determined by enzyme-linked immunosorbent assay.
The effect of HNE on the transformation of freshly isolated
PSCs in culture was also assessed.

RESULTS: HNE activated activator protein-1, but not nuclear
factor kB. In addition, HNE activated three classes of MAP
kinases: extracellular signal-regulated kinase, c-Jun N-terminal
kinase, and p38 MAP kinase. HNE increased type I collagen
production through the activation of p38 MAP kinase and
c-Jun N-terminal kinase. HNE did not alter the proliferation,
or monocyte chemoattractant protein-1 production. HNE
did not initiate the transformation of freshly isolated PSCs
to myofibroblast-like phenotype.

CONCL USION: Specific activation of these signal transduction
pathways and altered cell functions such as collagen
production by HNE may play a role in the pathogenesis of
pancreatic disorders.
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INTRODUCTION

In 1998, star-shaped cells in the pancreas, namely pancreatic
stellate cells (PSCs), wereidentified and characterized™?. They
are morphologically similar to the hepatic stellate cells that
play acentra roleininflammation and fibrogenesis of the livert3,
In normal pancreas, stellate cells are quiescent and can be
identified by the presence of vitamin A-containing lipid
droplets in the cytoplasm. In response to pancreatic injury or
inflammation, they are transformed (“ activated”) from their
quiescent phenotype into highly proliferative myofibrobl ast-
like cells which express the cytoskeletal protein a-smooth
muscle actin (a-SMA), and produce type | collagen and other
extracellular matrix components. Many of the morphological
and metabolic changes associated with the activation of PSCs
in animal models of fibrosis also occur when these cells are
grown in serum-containing medium in culture on plastic. There
is accumulating evidence that PSCs, like hepatic stellate cells,
are responsible for the devel opment of pancreatic fibrosig*?4.
It has also been suggested that PSCs may participate in the
pathogenesis of acute pancreatitis*®. Inview of their importance
in pancreatic fibrosis and inflammation, it is of particular
importance to elucidate the molecular mechanisms underlying
their activation. The activation of signaling pathways such as
p38 mitogen-activated protein (MAP) kinase® and Rho-Rho
kinase pathway!” islikely to play acentral rolein PSC activation.
However, the preciseintracellular signaling pathwaysin PSCs
arelargely unknown.

Therole of oxidative stressin the development of acute and
chronic pancreatitis has been clarified®?. Reactive oxygen
species and adehydic end-products of lipid peroxidation, such
as4-hydroxy-2,3-nonenal (HNE), could act asmediatorsaffecting
signal transduction pathways, proliferation, and functional
responses of target cellg**3, HNE is a specific and stable end
product of lipid peroxidation. It could be produced in response
to oxidative insults*®, and has been regarded to be responsible
for many of the effects during oxidative stressin vivol**4, |t
reacts with DNA and proteins, generating various forms of
adducts (cysteine, lysine, and histidine residues) that are
capable of inducing cellular stress responses such as cell
signaling and apoptosis. It has been shown that alcoholic
chronic pancreatitis is characterized by the co-localization of
evident lipid peroxidation, as assessed by immunoreactivity of
HNE inside acinar cells, and the deposition of collagentypel in
thefibrous septa and fibrotic stroma surrounding the pancreatic
acini®™, The stronger HNE immunoreactivity at the periphery
of acini raised the possibility that HNE might affect the cell
functions of PSCs, but the effects of HNE on the signaling
pathways and the regulation of cell functions in PSCs are
unknown. We here report that HNE at physiologically relevant
and non-cytotoxic concentrations activated activator protein-1
(AP-1) and three classes of MAP kinasesin PSCs. In addition,
HNE increased type| collagen production from PSCs. Specific
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activation of these signal transduction pathways and altered
cell functions such as collagen production by HNE may play a
role in the pathogenesis of pancreatic disorders.

MATERIALS AND METHODS

Materials

3-(4, 5-dimethylthiazole-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) was obtained from Dojindo (Kumamoto, Japan). Poly
(dI1.dC)-poly (dI.dC) and [y-**P] ATP were purchased from
Amersham Biosciences UK, Ltd. (Buckinghamshire, England).
Collagenase P and recombinant humaninterleukin (IL)-1p were
from Roche Applied Science (Mannheim, Germany). Double-
stranded oligonucleotide probes for AP-1 and nuclear factor
kB (NF-kB) were purchased from Promega (Madison WI). Rat
recombinant platel et-derived growth factor (PDGF)-BB wasfrom
R&D Systems (Minneapolis, MN). Rabhit antibodies against
phosphospecific MAP kinases, total MAP kinases, and inhibitor
of NF«B (IkB-a) werepurchased from Cdll Signdling Technologies
(Beverly, MA). Rabbit antibody against glyceraldehyde-3-
phosphate dehydrogenase (G3PDH) was from Trevigen
(Gaithersburg, MD). HNE, SB203580, SP600125, and U0126 were
from Calbiochem (La Jolla, CA). All other reagents were from
Sigma-Aldrich (St. Louis, MO) unless specifically described.

Cell culture

All animal procedures were performed in accordance with the
National Institutes of Health Animal Care and Use Guidelines.
Rat PSCs were prepared from the pancreas tissues of male
Widtar rats (Japan SLC Inc., Hamamatsu, Japan) weighing 200-
250 g as previously described using the Nycodenz solution
(Nycomed Pharma, Odl o, Norway) after perfusion with 0.3 g/L
collagenase P1*¥. The cells were resuspended in Ham's F-12
containing 100 mL/L hest-inactivated fetal bovine serum (ICN
Biomedicals, Aurora, OH), penicillin sodium, and streptomycin
sulfate. Cell purity was always more than 90% as assessed by
atypical star-like configuration and by detecting vitamin A
autofluorescence. All experiments were performed using cells
between passages two and five except for those using freshly
isolated PSCs. Unless otherwise stated, we incubated PSCsin
serum-free medium for 24 h before the addition of experimental

reagents.

Cell viability assay

Cell viahility was assessed by the MTT assay as previously
described”. After treatment with HNE for 24 h, MTT solution
was added to the cellsat afinal concentration of 500 pg/mL and
the incubation continued at 37 °C for 4 h. After theincubation
period, the medium was aspirated and the formazan product
was solubilized with dimethylsulfoxide. Cell viability was
determined by the differencesin absorbance at wavelengths of
570min690 nm.

Intracellular peroxide production assay

Intracellular peroxide production was examined as previously
described®. Briefly, cells were incubated with 2',7’-
dichlorofluorescin diacetate (DCF-DA) at 50 pmol/L for 30 min
at 37 °C, and then treated with experimental reagents for an
additional 30 minat 37 °C. After chilled onice, cellswerewashed
with ice-cold PBS, scraped from the plate, and resuspended at
1x10° cells/mL in PBS containing 10 mmol/L EDTA. The
fluorescence intensities of 2, 7' -dichlorofluorescin formed by
the reaction of DCF-DA with peroxides of more than 10 000
viable cells from each sample were analyzed by FACSCaliber
flow cytometer (Becton Dickinson Co. Ltd., Tokyo, Japan) with
excitation and emission settings of 488 and 525 nm, respectively.
Prior to data collection, propidium iodide was added to the

sample to gate out dead cells. Experiments were repeated at
least twice with similar results. The data are expressed as one
representative histogram.

Cell proliferation assay

Serum-starved PSCs (approximately 80% density) were treated
with HNE at the indicated concentrations in the absence or
presence of PDGF-BB (25 ng/mL). Cell proliferation was
assessed using acommercia kit (Cell proliferation ELISA, BrdU;
Roche Applied Science) according to the manufacturer’s
instruction. This is colorimetric immunoassay based on the
measurement of 5-bromo-2’ -deoxyuridine (BrdU) incorporation
during DNA synthesig*®, After 24-hour-incubation with
experimental reagents, cellswere labeled with BrdU for 3h at
37 °C, fixed, and incubated with peroxidase-conjugated anti-
BrdU antibody. Then the peroxidase substrate 3,3',5,5’ -
tetramethylbenzidine was added, and BrdU incorporation
was quantitated by differences in absorbance at wavelength
370min492 nm.

Nuclear extracts preparationand electrophoretic mobility shiftassay
Nuclear extracts were prepared and electrophoretic mobility
shift assay was performed as previously described*®. Double-
stranded oligonucl ectide probesfor AP-1(5'-CGCTTGATGAGT
CAGCCGGAA-3') and NF-kB (5-AGTTGAGGGGACTT
TCCCAGGC-3') were endlabeled with [y-**P]ATP. Nuclear
extracts (approximately 5 pg) were incubated with the labeled
oligonucleotide praobefor 20 min at 22 °C, and electrophoresed
through a 40 g/L polyacrylamide gel. Gels were dried, and
autoradiographed at -80 °C overnight. A 100-fold excess of
unlabeled oligonucl eotide was incubated with nuclear extracts
for 10 min prior to the addition of the radiolabeled probein the
competition experiments.

Luciferase assay

Luciferase assays were performed as previously described?”
using luciferase expression vectors containing two consensus
AP-1 binding sites (TGACTCA), or two consensus NF-kB
binding sites (GGGACTTTCC), which werekindly provided by
Dr. Naofumi Mukaida (Kanazawa University, Japan).
Approximately 1x10° PSCswere transfected with 2 g of each
luciferase expression vector, along with 40 ng of pRL-TK vector
(Promega) as an internal control, using the FUGENEG reagent
(Roche Applied Science). After 24 h, the transfected cellswere
treated with HNE at 1 pmol/L for an additional 24 h. At theend
of theincubation, cell lysates were prepared using Pica Gene
kit (Toyo Ink Co., Tokyo, Japan), and the light intensities were
measured using amodel Lumat LB9507 Luminescence Reader
(EG& G Berthold, Bad Wildbad, Germany).

Western blot analysis

Activation of MAP kinases was examined by Western blot
analysis using anti-phosphospecific MAP kinase antibodies
as previously described®. Cells were treated with HNE, and
lysed in sodium dodecy! sulfate buffer (62.5 mmol/L Tris-HCI at
pH 6.8, 20 g/L sodium dodecyl sulfate, 100 mL/L glycerol,
50 mmol/L dithiothreitol, 1 g/L bromphenol blue) for 15minon
ice. The samples were then sonicated for 2 s, heated for 5 min,
and centrifuged at 12 000 g for 5 min to remove insoluble cell
debris. Whole cell extracts (approximately 100 pg) were
fractionated on a100 g/L sodium dodecy! sulfate-polyacrylamide
gd. They weretransferred to anitrocellulose membrane (Bio-Rad,
Hercules, CA), and the membrane was incubated overnight at
4 °C with rabbit antibodies against phosphorylated MAP
kinases (extracellular signal-regulated kinase (ERK)1/2, c-Jun
N-terminal kinase (JNK), or p38 MAPkinase). After incubation
with peroxidase-conjugated goat anti-rabbit secondary
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antibody for 1 h, proteins were visualized by using an ECL kit
(Amersham BiosciencesUK, Ltd.). Levelsof total MAPKinases,
IkB-a, a-SMA, and G3PDH wereexaminedinasimilar manner.

Enzyme-linked immunosorbent assay

After a24-hincubation, cell culture supernatantswere harvested
and stored at -80 °C until the measurement. Monocyte
chemoattractant protein-1 (MCP-1) levels in the culture
supernatants were measured by enzyme-linked immunosorbent
assay (Pierce Biotechnology, Rockford, IL) according to the
manufacturer's instructions.

Collagen assay

PSCswereincubated with HNE in serum-free medium for 48 h.
Type | collagen released into the culture supernatant was
quantified by enzyme-linked immunosorbent assay, as
previously described??. Briefly, immunoassay plates (Becton
Dickinson, Franklin Lakes, NJ) were coated with diluted samples
overnight at 4 °C. After blocking with 50 g/L dry milk in PBS,
plateswereincubated with goat anti-rat type | collagen antibody
(SouthernBiotech, Birmingham, AL). After washing of theplate,
rabbit anti-goat 1gG antibody conjugated with akaline phogphatase
was added, and incubated. Findly, P-nitrophenyl phosphate was
added as a substrate, and the collagen levels were determined
by differences in absorbance at wavelength 405 min 690 nm.
Rat tail collagen type | was used as a standard. The collagen
levelsin each sample were normalized to the cellular DNA
content, which was determined by a fluorometric assay,
according to the method of Brunk et al.l?d. The results are
expressed as a percentage of the untreated control.

Activating effect of HNE on PSCs in culture

Freshly isolated PSCswere incubated with HNE (at 1 pmol/L )
inserum-freemedium or 50 mL/L fetal bovine serum-containing
medium. After 7-d incubation, morphological changes
characteristic of PSC activation were assessed after staining
withglid acidic fibrillary protein (GFAP) asprevioudy described??
using a streptavidin-biotin-peroxidase complex detection kit
(HistofineKit; Nichirei, Tokyo, Japan). Briefly, cellswerefixed
with 100mL/L methanol for 5minat -20 °C, and then endogenous
peroxidase activity was blocked by incubation in methanol with
3mL/L hydrogen peroxidefor 5 min. Afterimmersioninnormal
goat serum for 1 h, the slides were incubated with rabbit anti-
GFAP antibody at adilution of 1:100 overnight at 4 °C. The
dideswereincubated with biotinylated goat anti-rabbit antibody
for 45 min, followed by peroxidase-conjugated streptavidin for
30 min. Finally, color was devel oped by incubating the slides
for several minuteswith diaminobenzidine (Dojindo, Kumamoto,
Japan). In addition, total cellular proteins (approximately 25 ug)
were prepared, and the levels of a-SMA and G3PDH were
determined by Western blotting.

Statistical analysis

The results were expressed as mean+SD. Luminograms and
autoradiograms are representative of at least three experiments.
Differences between experimenta groups were evaluated by the
two-tailed unpaired Student’st test. A P-vauelessthan 0.05 was
considered dtatistically significant.

RESULTS

HNE was cytotoxic at high concentrations

Because HNE has been shown to be cytotoxic at high
concentrations in severa types of cells?, we first examined
the effect of HNE on the cell viability of PSCs. PSCs were
incubated with increasing concentrations of HNE for 24 h, and
the cdll viability wasassessed by MTT assay. HNE upto 5 pmol/L

did not alter the cell viability, but above 5 pmol/L, HNE was
cytotoxic (Figure 1). The results were also confirmed by trypan
blue dye exclusion test (data not shown). Based on theseresults,
we used HNE up to 5 umol/L in the subsequent experiments.
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Figure 1 PSCs were incubated with HNE at the indicated con-
centrations in serum-free medium for 24 h. Cell viability was
determined by the MTT assay, and the absorbance at 570 min
690 nm (“A.”) of the sample is given. Data are shown as
meanzSD (n = 6). #P<0.05 vs control, ®°P<0.01 vs control.

HNE was a potential inducer of oxidative stress

We examined the production of pro-oxidants using a peroxide-
sensitive fluorescent probe, DCF-DA. This chemical isfreely
permeable to cells. Once inside the cells, it is hydrolyzed to
DCF and trapped intracellularly. In the presence of peroxides,
especially hydrogen peroxide, DCF is oxidized to fluorescent
2', 7" -dichlorofluorescin, which can then be readily detected by
flow cytometry™. Treatment with HNE (at 5 umol/L) increased
the peroxide-activated fluorescence intensity, indicating that
HNE was a potential inducer of intracellular oxidative stressin
PSCs(Figure 2).
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Figure 2 PSCs were incubated with DCF-DA (at 50 pmol/L)
for 30 min and then treated with HNE (at 1 or 5 pmol/L) for
30 min. The fluorescence intensity of more than 10 000 cells
was analyzed using a flow cytometer.

HNE increased AP-1, but not NF-«B binding activity

We next examined the effects of HNE on the activation of the
transcription factors NF-kB and AP-1. These transcription
factors are important regulators of gene expression in response
to many stimuli including proinflammatory cytokines and
growth factorg?21, PSCs were incubated with HNE, or IL-1B
for 1 h. Nuclear extractswere prepared, and the specific binding
activitiesof AP-1and NF-kB were examined by electrophoretic
mobility shift assay. HNE, aswell asIL-1p3, increased the AP-1
binding activity (Figure 3A). The specificity of AP-1-specific
DNA binding activity was demonstrated by the addition of a
100-fold molar excess of unlabeled AP-1 oligonucleotide, but
not by unrelated NF-kB oligonucleotide in competition assays
(data not shown). In contrast, NF-kB binding activity was
induced by IL-1(3, but not by HNE (Figure 3B).
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Figure 3 PSCs were treated with IL-13 (at 2 ng/mL, lane 2) or
HNE (at 5 pmol/L, lane 4) in serum-free medium for 1 h.
Nuclear extracts were prepared and subjected to electro-
phoretic mobility shift assay using AP-1 (panel A) or NF-kB
(panel B) oligonucleotide probes. Arrows denote specific in-
ducible complexes competitive with cold double-stranded oli-
gonucleotide probes (lane 3). Lane 1: control (serum-free
medium only). O: free probe.

HNE increased AP-1, but not NF-kB dependent transcriptional
activity

To confirm that AP-1 activation observed by electrophoretic
mobility shift assay was functional, the effect of HNE on AP-1
dependent transcriptional activity was examined. PSCswere
transiently transfected with NF-kB- or AP-1-luciferase gene
reporter constructs and assayed for the luciferase activity. As
shown in Figure 4, HNE increased AP-1-dependent, but not
NF-kB-dependent luciferase activity. Phosphorylation and
degradation of the inhibitory protein IkB-a, and subseguent
dissociation of this protein from NF-k B were thought to be
necessary for the activation'®!. We also examined the effect of
HNE on the degradation of IkB-a by Western blotting. IL-1(,
but not HNE, induced transient degradation of IkB-a, further
supporting that HNE did not activate NF-kB (Figure 4B).

A RLU b [1AP-1
10
b 1 [ NF-kB
b
5
0 _
Con IL-1 HNE
Time (min)
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IL-1 e e e —

HNE e s s s

Figure 4 HNE increased AP-1, but not NF-kB, -dependent
transcriptional activity. A: PSCs were transfected with the lu-
ciferase vectors (2 X AP-1 or 2 X NF-kB) along with pRL-TK
vector as an internal control. After 24 h, the transfected cells
were treated with IL-1( (at 2 ng/mL) or HNE (at 1 pmol/L).
After another 24-h incubation, intracellular luciferase activities
were determined. The data represent mean meanSD, calcu-
lated from three independent experiments as fold induction
compared with the activity observed in control (serum-free
medium only, “Con”). °P<0.01 vs control. RLU: relative light

units. B: PSCs were treated with IL-1p3 (at 2 ng/mL) or HNE (at
1 umol/L) in serum-free medium for the indicated times. Total
cell lysates were prepared, and the level of IKB-a was deter-
mined by Western blotting.

HNE activated MAP kinases

Induction of the expression of AP-1 components c-Fos and c-
Jun by avariety of stimuli such as growth factors and cytokines
is mediated by the activation of three distinct MAP kinases:
ERK1/2, INK, and p38 MAP kinasg??¥, Activation of these
kinases occurs through phosphorylation?"28, We determined
the activation of these MAP kinases in HNE-treated cells by
Western blotting using anti-phosphospecific MAP kinase
antibodies. These antibodies recognize only phosphorylated
forms of MAP kinases, thus allowing the assessment of
activation of these kinases. HNE activated these three classes
of MAP kinases in a time-dependent manner with peaking
around 5to 15 min (Figure 5).
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Figure 5 PSCs were treated with HNE (at 1 pmol/L) for the
indicated times. Total cell lysates (approximately 100 pg) were
prepared, and the levels of activated, phosphorylated MAP
kinases were determined by Western blotting using anti-
phosphospecific antibodies. Levels of total MAP kinases were
also determined.
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Figure 6 PSCs were treated with HNE (at 0, 1, or 5 umol/L ) in
the absence or presence of PDGF (at 25 ng/mL) in serum-free
medium. After 24-h incubation, cells were labeled with BrdU
for 3 h. Cells were fixed, and incubated with peroxidase-conju-
gated anti-BrdU antibody. Then the peroxidase substrate 3,3’,
5,5’-tetramethylbenzidine was added, and BrdU incorporation
was quantitated by differences in absorbance at wavelength
370 min 492 nm (“A.”, optical density). Data are shown as
mean£SD (n = 6). °P<0.01 versus control (serum-free medium
only), N.S.: not significant.

HNE did not alter basal and PDGF-BB-induced proliferation

We then examined the effects of HNE on basal and PDGF-
induced proliferation. As previously reported*®, PDGF-BB
significantly increased proliferation. HNE did not affect either
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basal or PDGF-BB-induced proliferation of PSCs (Figure 6).

HNE did not induce MCP-1 production

Activated PSCs acquired the proinflammatory phenotype; they
might modulate the recruitment and activation of inflammatory
cellsthrough the expression of MCP-1%, |L-13 induced MCP-1
production, but HNE did not (Figure 7).

MCP-1 (ng/mL)
b
1

Con IL HNE HNE
(1 pmol/L) (5 pmol/L)

Figure 7 PSCs were treated with IL-1B (2 ng/mL, “IL”) or
HNE (at 1 or 5 umol/L ) in serum-free medium. After 24 h,
culture supernatant was harvested, and the MCP-1 level was
determined by enzyme-linked immunosorbent assay. Data
shown are expressed as mean+SD (n = 6). °P<0.01 versus con-
trol (“Con”, serum-free medium only).

HNE increased type | collagen production

It has been shown that culture-activated PSCs expressa-SMA
and produce type | collagen. Indeed, a-SMA expression has
been accepted as a marker of PSC activation™, and in situ
hybridization techniques showed that a-SMA-positive cells
werethe principal source of collagenin thefibrotic pancread.
HNE increased the production of type | collagen (Figure 8).
Our previous finding that ethanol and acetaldehyde induced
collagen production through p38 MAP kinase™ prompted us
to examine the role of MAP kinases in HNE-induced type |
collagen production. Thus we employed specific inhibitorsto
block these pathways. A selective p38 MAP kinase inhibitor
SB203580%Y, and aJNK inhibitor SP6001251°2 decreased typel
collagen production. In contrast, U0126, a specific inhibitor of
MAP kinase kinase activation and consequent ERK1/2
activation®¥, did not affect the collagen production. These
results suggested that HNE induced type | collagen production
through the activation of p38 MAP kinase and JNK, but not
ERK pathway.

200

100

Type I collagen (% control)

1 2 3 4 5

Figure 8 PSCs were treated with HNE (at 1 pmol/L , lane 2) in
the absence or presence of SB203580 (at 25 mmol/L , lane 3),
SP600125 (at 10 pmol/L, lane 4), or U0126 (at 5 pmol/L, lane 5).
After 48-h incubation, type I collagen released into the cultute
supernatant was quantified by enzyme-linked immunosorbent
assay. The collagen levels in each sample were normalized to
the cellular DNA content. The results are expressed as a per-
centage of the untreated control (“Con”). Data are shown as

mean=SD (n = 6). °P<0.01 vs control (serum-free medium only,
lane 1). 9P<0.01 vs HNE only (lane 2).

HNE did not initiate the transformation of freshly isolated PSCs
to activated phenotype

Finally, we examined whether HNE initiated the transformation
of PSCs from quiescent to myofibroblast-like phenotype in
culture. Freshly isolated PSCs were incubated with HNE in
serum-freemedium or 50 mL/L serum-containing medium for 7 d.
Morphological changes characteristic of PSC activation were
assessed after staining with GFAPR. After 7 d, PSCs cultured
with 50 mL/L serum showed transformation into cells with a
myofibroblast-like phenotype (Figure 9A). In contrast, PSCs
treated with HNE were small and circular, with lipid droplets
presenting in many cellsand dender dendritic processes (Figure
9B), as PSCstreated with serum-free medium only (Figure 9C).
In agreement with the morphological changes, significant
expression of a-SMA was observed ond 7 in serum-treated
PSCs, whereas HNE did not induce a-SMA expression.

A ' ¥ B T
[] L
o« 5 .:..
C
-
D Cont FBS HNE
a-SMA !
. !
G3PDH -

Figure 9 A,B,C: Freshly isolated PSCs were incubated with
50 mL/L serum (panel A), HNE (at 1 pmol/L, panel B), or
serum-free medium (panel C) for 7 d. Morphological changes
characteristic of PSC activation were assessed after staining
with GFAP. Original magnification: x10 objective. D: Total cell
lysates (approximately 25 pg) were prepared from cells treated
with serum-free medium (“Cont”), 50 mL/L serum (“FBS”),
or HNE (at 1 umol/L) for 7 d, and the levels of a-SMA and
G3PDH were determined by Western blotting.

DISCUSSION

It has been established that oxidative stress playsacritical role
in the pathogenesis of both acute and chronic pancreatitig89.
HNE, an aldehydic end product of lipid peroxidation, isbelieved
to be largely responsible for pathological effects observed
during oxidative stress*3. The mgjor effects of HNE produced
during oxidative stress are believed to be damage to cellular
components such as glutathione and proteins. However, recent
studies have revealed that HNE at non-cytotoxic levels could
potently activate a stress response mechanism™. In this study,
we have shown for the first time that HNE, at non-cytotoxic
concentrations, activated AP-1, but not NF-kB, in PSCs. This
selective pattern of activation was distinct from that dlicited by
IL-1B and tumor necrosisfactor-a, which aso activated NF-k B!,
In addition, HNE activated three classes of MAP kinases
(ERK1/2, INK, and p38 MAP kinase). HNE-induced type |

collagen production was inhibited by SB203580, a p38 MAP
kinaseinhibitor, and by SP600125, aJNK inhibitor, suggesting
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arole of p38 MAP kinase and JNK in the type | collagen
production. The concentrations of HNE used in this study (up
to 5 umol/L) could be easily reached in vivo in conditions of
mild to moderate oxidative stress, and were considered to be
physiologically relevant3,

It has been shown that ethanal increased HNE protein adduct
accumulation inthe pancreas of rat$*!. During pancreatic injury
invivo, PSCs might be exposed to HNE viatwo pathways: (1)
exogenous exposure as aresult of the generation of HNE by
surrounding cells (e.g. acinar cells and inflammatory cells) or
(2) endogenous exposure as aresult of the generation of HNE
within the cells. Casini et al.™® have shown that stronger HNE
immunoreactivity was observed at the periphery of acini in
chronic acoholic pancreatitis. Under such acircumstance, it is
likely that PSCs exogenoudly exposeto HNE. Our present study
is exclusively concerned with the effect of exogenously-
delivered HNE on cell biology, and it remains to be clarified
how results of this study correlated with the potential effect of
HNE formed endogenously in the cell. It is likely that PSCs
were exposed to endogenous HNE during ethanol consumption,
because PSCs, in addition to pancreatic acinar cellg*!, had the
capacity to metabolize ethanol to acetaldehyde via alcohol
dehydrogenase-mediated oxidation of ethanol®®.

Activated PSCs acquire the proinflammatory phenotype;
they may modul atetherecruitment and activation of inflammatory
cells. We have reported that activated PSCs expressed MCP-1
in response to IL-13 and tumor necrosis factor-a in vitro.
Indeed, MCP-1 expression by activated PSCs was shown to be
increased in fibrous tissue sections from patients with chronic
pancreatitis®. In this study, HNE failed to induce NF-kB
activation and consegquent MCP-1 production. The failure of
HNE to induce M CP-1 expression is not surprising because the
activation of NF-kB has been shown to play a central rolein
MCP-1 expression in PSCd?%. Thisisin contrast to human
endothelial cells where the AP-1 proteins c-Fos and c¢-Jun
directly induce MCP-1 expression independently of the NF-kB
pathway®. The effects of HNE on the activation of NF-kB and
AP-1 appeared to depend on the types of cells. In asimilar
manner to PSCs, HNE activated AP-1, but not NF-kB, inmurine
and human macrophages® and human hepatic stellate cellg%7,
On the other hand, HNE did not activate AP-1, but did attenuate
IL-1(3- and phorbol ester-induced NF-kB activation in human
monocytic THP-1 cell§*4. Theinhibition of NF-kB activation
was mediated through the inhibition of 1kB phosphorylation
and subsequent proteolysisi*!, Recent reviews*>*% have
emphasized that redox-dependent activation of NF-kB was
cell and stimulus specific as opposed to the concept that
oxidative stress was a common mediator of diverse NF-kB
activators. Li and Karin“? reported that when a redox-
regulated effect on NF-kB was observed, it appeared to occur
downstream from the 1k B kinase, at the level of ubiquitination
and/or degradation of IkB.

In this study, HNE activated three classes of MAP kinases
in PSCs. Thisisin agreement with the previous study showing
that HNE activated these three classes of MAP kinasesin rat
liver epithelial RL34 cellg*, In human hepatic stellate cells,
Parolaet al."* reported that HNE formed adducts with the p46
and p54 isoforms of JNK, leading to the nuclear trand ocation
and activation of these signaling molecules, and, in turn, the
induction of the transcription factors c-jun and AP-1. Unlike
human hepatic stellate cells, we showed that HNE induced
phosphorylation of p46 and p54 JNK in rat PSCs. On the other
hand, we have shown that activation of ERK played a central
role in PDGF-BB-induced proliferation of PSCd29, In spite of
the ability to activate ERK, HNE failed to ater the proliferation
regardless of the presence or absence of PDGF-BB, suggesting
that activation of ERK is required but not sufficient for the
proliferation of PSCs. Thisisin agreement with the concept

that activation of ERK, although necessary, may not be
sufficient to justify the mitogenic properties of an agonisti*.

We here showed that HNE did not initiate the transformation
of quiescent PSCs. Thisisin disagreement with the previous
reports showing that ethanol and acetaldehyde activated
guiescent PSCs through the generation of oxidative stress®.
However, it should be noted that previous studies examining
the effects of oxidative stress on the activation of hepatic
stellate cells have reported conflicting results. Lee et al.*!
reported that quiescent hepatic stellate cells were activated
upon exposure to the pro-oxidant compound ascorbate/ferrous
sulfate or the lipid peroxidation product malondialdehyde.
Maher et al.l*® reported that stimulatory effects of
mal ondialdehyde only occurred after hepatic stellate cells had
been preactivated by culture on plastic. Olynyk et al.[“” reported
that malondialdehyde and HNE decreased a-SMA expression
in hepatic stellate cells at d 3 when compared to controls not
incubated with the compounds. Previous studies have suggested
that cytokines and growth factors such as transforming growth
factor-f1 and tumor necrosisfactor-a induced thetransformation
of quiescent PSCs*#, These mediators were released or
produced from inflammatory cells, platelets, and pancreatic
acinar cells, during the course of pancreatitig“49, |eading to
theactivation of PSCs. Once activated, PSCswere sensitiveto
HNE, and showed profibrogenic responses, thus playing arole
in the pathogenesis of pancreatic fibrosis.

In agreement with the previous study in human hepatic
stellate cell9*%, HNE increased type | collagen production in
PSCs. Lee et al.*! reported that oxidative stress-induced
collagen synthesisin hepatic stellate cells was associated with
induction of transcription factors NF-kB and c-myb!*. In rat
PSCs, the role of NF-kB was unlikely because HNE failed to
activate NF-kB. Although the molecular mechanisms by which
HNE increased type | collagen production in hepatic stellate
cells were not further pursued, we have shown that HNE-
induced type | collagen production was mediated by the
activation of INK and p38 MAP kinase. Along thislineg, it has
been reported that mal ondialdehyde increased a2 (1) collagen
gene activity through JNK activation in hepatic stellate cellg.
It should be noted that the biological action of HNE may result
in multiple effects within the complex network of events
occurring in the process of fibrosis following reiterated
pancreatic injury, with the resulting overall biological effects
being influenced by the actual HNE concentration, the target
cell or cellsavailable, and the presence of growth factors and
other mediators in the microenvironment. Nevertheless, our
findings that HNE induced type | collagen production suggest
possible links between oxidant stress, aldehyde-adduct
formation, and pancreatic fibrosis. Very recently, it has been
reported that HNE acted as a potent pro-fibrogenic stimulusin
the expression of genes involved in extracellualr matrix
deposition in activated hepatic stellate cell$%Y. Indeed, we have
found that HNE increased the transcriptional activity of prolyl
4-hydroxylase (), akey enzymethat catalyzesthe formation of
4-hydroxyproline (Satoh et al. manuscript in preparation).
Elucidation of the functions of PSCs would provide better
understanding and rational approaches for the control of
pancreatic inflammation and fibrosis.
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