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Rho Kkinase inhibitors block activation of pancreatic stellate cells
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1 Inresponse to pancreatic injury and in cell culture, pancreatic stellate cells (PSCs) are transformed
(activated’) into highly proliferative myofibroblast-like cells, which express a-smooth muscle actin (-
SMA), and produce type I collagen and other extracellular matrix components. There is accumulating
evidence that activated PSCs play important roles in pancreatic fibrosis and inflammation.

2 The small GTP-binding protein Rho has emerged as an important regulator of the actin
cytoskeleton and cell morphology through the downstream effector Rho kinase (ROCK). But, the
roles of Rho-ROCK pathway in PSCs are unknown. Here, we examined the effects of ( 4 )-(R)-trans-
4-(1-aminoethyl)-N-(4-pyridyl) cyclohexanecarboxamide (Y-27632) and HA-1077 (fasudil), specific
inhibitors of ROCK, on the activation of PSCs.

3 PSCs were isolated from the pancreas of male Wistar rats after perfusion with collagenase P. The
actin cytoskeleton was analyzed by phalloidin staining. Expression of RhoA and ROCK was
examined by immunostaining and Western blotting. Effects of Y-27632 and HA-1077 on o-SMA
expression, platelet-derived growth factor-induced proliferation and chemotaxis, and collagen
production were assessed.

4 Culture-activated PSCs developed a well-spread cell shape, with extended stress fiber formation.
PSCs expressed RhoA, ROCK-1, and ROCK-2.

5 Y-27632 caused disassembly of stress fibers. Y-27632 and HA-1077 inhibited «-SMA expression,
proliferation, chemotaxis, and type I collagen production in culture-activated PSCs.

6 In addition, Y-27632 and HA-1077 inhibited spontaneous activation of freshly isolated PSCs in
culture on plastic.

7 These findings suggest a role of Rho-ROCK pathway in the activation process of PSCs by
regulating the actin cytoskeleton, and a potential application of Rho-ROCK pathway inhibitors for

the treatment of pancreatic inflammation and fibrosis.
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Introduction

Chronic pancreatitis as well as pancreatic cancer are accom-
panied by progressive fibrosis that is characterized by the loss
of functional tissue and its replacement by extracellular
matrix-rich connective tissue (Etemad & Whitcomb, 2001;
Lankisch, 2001). In contrast to liver fibrosis, the molecular
mechanisms of pancreatic fibrosis remain largely unknown. In
1998, star-shaped cells in the pancreas, namely pancreatic
stellate cells (PSCs), were identified and characterized (Apte
et al., 1998; Bachem et al., 1998). 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, they are transformed (‘acti-
vated’) from their quiescent phenotype into highly proliferative
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myofibroblast-like cells that express the cytoskeletal protein
a-smooth muscle actin (x-SMA), and produce type I 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 culture on plastic in serum-containing
medium. Therefore, culture of primary PSCs on plastic has
been accepted as an established model that mimics the
phenotypic changes that occur during the process of PSC
activation following pancreatic injury. There is accumulating
evidence that PSCs, like hepatic stellate cells, are responsible
for the development of pancreatic fibrosis (Apte et al., 1998;
Bachem et al., 1998; Haber et al., 1999; Masamune et al.,
2002b). It has also been suggested that PSCs may participate in
the pathogenesis of acute pancreatitis (Haber et al., 1999;
Masamune et al., 2002¢). The molecular mechanisms respon-
sible for PSC activation remain to be elucidated, but the
activation of signaling pathways such as p38 mitogen-activated
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protein kinase (Masamune et al., 2003b) is likely to play a
central role. Obviously, the signaling mechanisms regulating
the activation of PSCs are potential targets for the development
of new treatments for pancreatic fibrosis and inflammation.

Rho is a member of the Ras superfamily of small GTP-
binding proteins, and regulates the organization of the actin
cytoskeleton by promoting the assembly of focal adhesions
and actin stress fibers (Takai ez al., 1995; Amano et al., 1997;
Hall, 1998). The Rho receives upstream signals, and is
converted from the GDP-bound inactive form to the GTP-
bound active form, which then interacts with downstream
target molecules and transduces signals to each downstream
pathway (Takai et al., 1995; Hall, 1998). Among the several
effector molecules of Rho, the Rho kinase (ROCK) has been
shown to mediate RhoA-induced assembly of focal adhesions
and stress fibers (Takai et al., 1995; Hall, 1998). ROCK exists
in two isoforms: pl60ROCK (also known as ROKf or
ROCK-1) and ROKu (also called ROCK-2) (Takai et al.,
1995; Hall, 1998). ROCK-1 has 64% sequence identity with
ROCK-2 throughout the structure, and the kinase domain of
ROCK-1 is highly conserved with that of ROCK-2 (90%
identical) (Takai et al., 1995; Hall, 1998). It has been shown
that ROCK phosphorylates and inactivates myosin light chain
(MLC) phosphatase in vitro, and thereby regulates MLC
phosphorylation at Ser 19 (Kimura et al., 1996). (+)-(R)-
trans-4-(1-aminoethyl)- N-(4-pyridyl)cyclohexanecarboxamide
(Y-27632) is a specific inhibitor of both isoforms of ROCK,
and has been shown to inhibit the formation of stress fibers
and focal adhesions induced by ROCK (Uehata et al., 1997).
Y-27632 has contributed to clarifying the roles of Rho-ROCK
pathway for various cell functions such as cell morphology,
smooth muscle contraction, platelet aggregation, cell motility,
and cytokinesis (Amano et al., 1997). In addition, it has been
shown that the Rho-ROCK pathway plays critical roles in
diverse cellular events such as membrane trafficking, tran-
scriptional regulation, cell growth, and development (Van
Aelst & D’Souza-Schorey, 1997). However, the roles of Rho-
ROCK pathway in PSCs are unknown.

In this study, we examined the effects of Y-27632 as well as
another ROCK inhibitor HA-1077 (fasudil) (Nagumo et al.,
2000) on the activation of PSCs. Here, we report that Rho-
ROCK pathway is involved in the morphological changes
during the activation process, through the reorganization of
actin cytoskeleton. Y-27632 and HA-1077 inhibited several
parameters of PSC activation including «-SMA expression,
proliferation, chemotaxis, and collagen production. In addi-
tion, Y-27632 and HA-1077 inhibited spontaneous activation
of freshly isolated PSCs in culture, suggesting a potential
application of Rho-ROCK inhibitors for the treatment of
pancreatic fibrosis and inflammation.

Methods
Materials

Y-27632 was generously provided by Mitsubishi Pharma Co.
(Osaka, Japan), and resuspended at 10 mM in water. Mouse
anti-RhoA and goat anti-ROCK-1 (C-19) and anti-ROCK-2
(C-20) antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, U.S.A.). These anti-ROCK anti-
bodies have been previously shown to specifically differentiate

the two isoforms of ROCK (Sebbagh et al., 2001). Collagenase
P was from Roche Diagnostics (Mannheim, Germany). Rat
recombinant platelet-derived growth factor (PDGF)-BB was
from R&D Systems (Minneapolis, MN, U.S.A.). Rhodamine-
labeled phalloidin was purchased from Molecular Probes
(Eugene, OR, U.S.A.). Rabbit antibodies against phosphory-
lated MLC II, phosphorylated extracellular signal-regulated
kinase (ERK), total ERK, phosphorylated Akt, total Akt, and
phosphorylated p70 S6 kinase were purchased from Cell
Technologies (Beverly, MA, U.S.A.). Rabbit antibody against
glyceraldehyde-3-phosphate dehydrogenase (G3PDH) was
from Trevigen (Gaithersburg, MD, U.S.A.). All other reagents
were from Sigma-Aldrich (St Louis, MO, U.S.A.), unless
specifically described.

Cell culture

All animal procedures were performed in accordance with the
National Institutes of Health Animal Care and Use Guide-
lines. Rat PSCs were prepared from the pancreas tissues of
male Wistar rats (Japan SLC Inc., Hamamatsu, Japan),
weighing 200—-250 g as previously described (Masamune et al.,
2003a). Rats were anesthetized by intraperitoneal injection of
sodium pentobarbital, the abdomen was opened, and a
cannula was inserted into the right jugular vein. After
perfusion with Hanks’ balanced salt solution without Ca**
or Mg?* and containing 0.5mM EGTA at 2.5mlmin™" for
10 min, perfusion with 0.03% collagenase P with in Hanks’
balanced salt solution with Ca?* and Mg>™ at 2.5mlmin~"' for
12min was performed. The distended pancreas was resected
and minced with scissors, and shaken with 0.03% collagenase
P solution for 10 min at 37°C. The digested tissue was pipetted
through narrow orifices, filtered through a 150-um mesh,
and centrifuged. Cells were then resuspended in 8 ml of Gey’s
balanced salt solution containing 0.3% BSA. The cell
suspension was mixed with 9ml of 28.7% (wtvol™') of
the Nycodenz solution (Nycomed Pharma, Oslo, Norway)
in Gey’s balanced salt solution. The Nycodenz gradient
was prepared by laying the cell suspension in Nycodenz
underneath 6 ml of Gey’s balanced salt solution with BSA in a
50-ml centrifuge tube. The gradient was centrifuged at
1400 x g for 20 min. Stellate cells separated into a fuzzy band
just above the interface of the Nycodenz solution and the
aqueous buffer. This band was harvested, and the cells were
washed and resuspended in Ham’s F-12 containing 10% heat-
inactivated fetal bovine serum (ICN Biomedicals, Aurora, OH,
U.S.A.), penicillin sodium, and streptomycin sulfate. Cell
purity was always more than 90%, as assessed by a typical
star-like configuration and by detecting vitamin A autofluor-
escence. All experiments were performed using cells between
passages two and five, except for those using freshly isolated
PSCs. Unless specifically described, we incubated PSCs
in serum-free medium for 24h before the addition of
experimental reagents.

Fluorescence microscopy

Stress fibers were stained with rhodamine-labeled phalloidin,
as previously described (Kaneko etz al., 2002). Briefly, after
fixation with 4% paraformaldehyde for Smin, PSCs
were permeabilized with 0.15% Triton X-100 in phosphate-
buffered saline for Smin. Cells were then incubated with
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rhodamine-labeled phalloidin in blocking buffer (1% BSA in
phosphate-buffered saline) for 2h at room temperature in
the dark. Cells were then washed three times with phos-
phate-buffered saline for 10 min each, and coverslipped with
Fluoromount (Vector Laboratories, Burlingame, CA, U.S.A.).
Cells were observed with a Leica fluorescence microscope.
Images were captured with a Leica QFISH system (Wetzlar,
Germany).

Immunostaining

Serum-starved PSCs were grown on slides, and immunostain-
ing for RhoA was performed as previously described
(Masamune et al., 1999), using a streptavidin—biotin—perox-
idase complex detection kit (Histofine Kit; Nichirei, Tokyo,
Japan). Briefly, the cells were fixed with ice-cold methanol, and
then endogenous peroxidase activity was blocked by incuba-
tion in methanol with hydrogen peroxide for Smin. After
immersion in normal rabbit serum, the slides were incubated
with mouse anti-RhoA antibody overnight. The slides were
incubated with biotinylated goat anti-mouse immunoglobulin
antibody, followed by peroxidase-conjugated streptavidin.
Finally, color was developed by incubating the slides for
several minutes with diaminobenzidine (Dojindo, Kumamoto,
Japan). As a control, the primary antibody was replaced with
phosphate-buffered saline. Expression of ROCK-1, ROCK-2,
and glial fibrillary acidic protein (GFAP) was examined in a
similar manner.

Western blot analysis

Western blot analysis was performed as previously described
(Masamune et al., 2002d). Cells were lysed in sodium dodecyl
sulfate buffer, and cellular proteins (approximately 100 ug)
were fractionated on a 10% sodium dodecyl sulfate—poly-
acrylamide gel. They were transferred to a nitrocellulose
membrane (Bio-Rad, Hercules, CA, U.S.A.), and the mem-
brane was incubated overnight at 4°C with rabbit phospho-
specific antibodies against ERK (at Thr 222 and Tyr 204), Akt
(at Ser 473), p70 S6 kinase (at Thr 389), or MLC II (at Ser 19).
After incubation with peroxidase-conjugated goat anti-rabbit
secondary antibody for 1h, proteins were visualized by using
an ECL kit (Amersham Biosciences U.K., Ltd, Buckingham-
shire, England). The levels of total ERK, total Akt, G3PDH,
RhoA, ROCKI1, and ROCK2 were determined in a similar
manner.

Pull-down assay

Pull-down assay was performed using the Rho activation assay
kit (Upstate Biotechnology Inc, Lake Placid, NY, U.S.A.),
according to the manufacturer’s instruction. Briefly, after
treatment with PDGF-BB (at 25 ngml~!) for 30 min, cells were
lysed, and the total proteins from clarified lysates were
incubated with a glutathione S-transferase (GST)-Rho-binding
domain of rhotekin-agarose slurry to precipitate GTP-bound
RhoA, or with agarose beads with GST alone. Retained GTP-
bound RhoA was subjected to Western blotting using anti-
RhoA antibody. The level of RhoA in the cell lysates was also
determined.

Rho translocation assay

The membrane fraction was prepared as previously described
(Wang & Bitar, 1998). Briefly, after treatment with PDGF-BB
(at 25ngml™") for 30min, cells were washed, lysed, and
ultracentrifuged at 100,000 x g for 60min. The pellet was
resuspended by sonication for 30s in the lysis buffer contain-
ing 1% Triton X-100, and then ultracentrifuged at 100,000 x g
for 30min. The supernatant was collected as a soluble
membrane fraction, and subjected to Western blotting using
anti-RhoA antibody, as described earlier.

Cell proliferation assay

Serum-starved PSCs (approximately 20—30% density) were
treated with Y-27632 or HA-1077 for 30min, and then
stimulated with PDGF-BB (at 25ngml™!) or 10% fetal bovine
serum in serum-free medium. Cell proliferation was assessed
using a commercial kit (CellTiter nonradioactive cell prolifera-
tion assay; Promega, Madison, WI, U.S.A.), according to the
manufacturer’s instruction. This assay is a colorimetric
method for determining the number of viable cells, and there
is a good correlation between this assay and the [*H]thymidine
incorporation assay. Briefly, after 72-h incubation with
PDGF-BB or fetal bovine serum, the dye solution was added
to cells and incubation continued at 37°C for 4 h. Then, the
formazan product was solubilized with the stop solution. Cell
number was determined by differences in absorbance at
wavelength 570 minus 690 nm.

Analysis of cell cycle

The cell cycle of PSCs was analyzed by flow cytometry as
previously described (Masamune et al., 2001). Briefly, serum-
starved PSCs (approximately 60—70% density) were treated
with Y-27632 (at 25uM) for 30min and then exposed to
PDGF-BB (at 25ngml™"). After 24 h, cells were harvested and
washed twice with phosphate-buffered saline. Cells were
suspended in phosphate-buffered saline solution containing
40 ugml™' propidium iodide, 0.02% Triton X-100, and
50 ugml~! ribonuclease A. Samples were incubated in the
dark at room temperature for 30 min and stored at 4°C until
analysis. Cell fluorescence was measured by a FACSCaliber
flow cytometer (Becton Dickinson Co. Ltd, Tokyo, Japan),
and analyzed using ModFit LT software (Verity Software
House, Topsham, ME, U.S.A.) to determine the distribution
of cells in the various phases of the cell cycle.

Cell migration assay

PSCs were serum-starved for 24h, trypsinized, and resus-
pended in serum-free medium containing 1% BSA at a
concentration of 3 x 10°cellsml™!. For the assay, we used
modified Boyden chambers with 8-um-pore filters (Iwaki glass
Co. Ltd, Funabashi, Japan). PDGF-BB (at 25ngml~') was
added to the lower chamber and 100 ul of cell suspension was
added to the upper chamber. The chambers were then
incubated for 24 h at 37°C. At the end of the incubation, the
cell suspension was aspirated, and the upper part of the filter
was cleaned with cotton plugs. The culture inserts were
removed, stained with Difquick (Sysmex, Kobe, Japan), and
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viewed at x 200 magnification. Cell counts were obtained in
six randomly chosen fields.

Collagen assay

PSCs were incubated in serum-free medium in the presence or
absence of Y-27632 or HA-1077 in serum-free medium for
48h. Type I collagen released into the culture supernatant
was quantified by enzyme-linked immunosorbent assay, as
previously described (Moshage et al., 1990). Briefly, immuno-
assay plates (Becton Dickinson, Franklin Lakes, NJ, U.S.A.)
were coated with diluted samples overnight at 4°C. After
blocking with 5% drymilk in phosphate-buffered saline, plates
were incubated with rabbit anti-rat type I collagen antibody
(LSL Cosmo Bio, Tokyo, Japan). After washes, goat anti-
rabbit IgG antibody conjugated with alkaline phosphatase was
added, and incubated. Finally, P-nitrophenylphosphate
was added as a substrate, and the collagen levels were
determined by differences in absorbance at wavelength
405 minus 690 nm. Rat tail collagen type I was used as a
standard. The collagen levels in each sample were normalized
to the cellular DNA content, which was determined by a
fluorometric assay, according to the method of Brunk er al.
(1979). The results are expressed as a percentage of the
untreated control.

Effect of Y-27632 and HA-1077 on spontaneous
activation of PSCs in culture

Freshly isolated PSCs were incubated with or without Y-27632
(at 10 or 25 uM) or HA-1077 (at 25 uM) in serum-free medium

for 1h; then fetal bovine serum was added at the final
concentration of 5%. After 7-days incubation, morphological
changes characteristic of PSC activation were assessed after
staining with GFAP. In addition, total cellular proteins
(approximately 25 ug) were prepared, and the level of --SMA
was determined by Western blotting.

Statistical analysis

The results were expressed as mean +s.d. Luminograms and
photographs are representative of at least three experiments.
Differences between experimental groups were evaluated by
the two-tailed unpaired Student’s t-test. A P-value less than
0.05 was considered statistically significant.

Results
Cytoskeletal changes during PSC activation

To assess the time-dependent changes of actin cytoskeleton
during the activation of PSCs, freshly isolated PSCs were
cultured for 1, 3, 8, and 14 days, followed by rhodamine-
labeled phalloidin staining. Actin fibers were only detected at
the cell surface and filopodia in cells on the day 1 (Figure 1a).
During the culture, PSCs increasingly showed stress fiber
formation (Figure 1b,c). Finally, almost all cells showed the
activated phenotype, with well-spread cell shape and extended
stress fiber formation (Figure 1d). These phenotypic changes
occurred in a time-dependent manner, indicating that cyto-
skeletal reorganization was involved in the activation of PSCs.

.

Figure 1 Stress fiber formation during the activation of PSCs. Freshly isolated PSCs were cultured for 1 (a), 3 (b), 8 (c), or 14 (d) in
10% serum-containing medium, and the time-dependent changes of actin cytoskeleton were assessed by rhodamine-labeled
phalloidin staining. Original magnification: x 60 objective.
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Expression of RhoA and ROCK

We next examined the expression of RhoA and ROCK
in culture-activated PSCs by immunostaining. RhoA expres-
sion was diffusely detected in the cytoplasm of culture-
activated PSCs (Figure 2a). Immunoreactivity for both
isoforms of ROCK was observed mainly in the perinuclear
cytoplasm in culture-activated cells (Figure 2b, c). Expression
of RhoA and ROCK was confirmed by Western blotting
(Figure 2d).

Effects of Y-27632 on the cell shape and actin
cytoskeleton

To clarify the role of Rho-ROCK pathway in the cytoskeletal
reorganization, we employed Y-27632, a specific ROCK
inhibitor (Uehata et al., 1997). We first examined the effects
of Y-27632 on the phosphorylation of MLC II at Ser 19, which
is a downstream target of ROCK (Kimura et al., 1996).
Treatment of PSCs with Y-27632 resulted in the decrease of
endogenous phosphorylation of MLC II (Figure 3a). When
cells were treated with Y-27632, cells changed to an elongated,
fusiform morphology with prominent dendritic processes
(Figure 3Db,c), suggesting that ROCK was necessary as a
downstream effector of Rho for the cell spreading in PSCs.
The effect of Y-27632 on the actin cytoskeleton was assessed
by phalloidin staining. When cells were treated with Y-27632
at 10 or 25uM for 24h, disassembly of stress fibers was
observed (Figure 3d—f). In these experiments, Y-27632 up to
25 uM did not affect the cell viability during the incubation, as
assessed by trypan blue exclusion test (data not shown). In
addition, the effects of Y-27632 were fully reversible within
48 h after the removal of Y-27632 (data not shown). However,
when PSCs were treated with Y-27632 above 50 uM, cytotoxic
effects were observed during the incubation.
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Figure 2 Expression of RhoA and ROCK in PSCs. (a—c) Culture-
activated PSCs (passage 2) were grown directly on slides.
Immunostaining for RhoA (a), ROCK-1 (b), or ROCK-2 (c) was
performed in serum-starved PSCs using a streptavidin—biotin—
peroxidase complex detection kit. Original magnification: x 10
objective. (d) Total cell lysates (approximately 100 ug) were prepared
from PSCs (passage 2), and the levels of RhoA and ROCK were
determined by Western blotting.

Y-27632 and HA-1077 decreased a-SM A expression

Culture-activated PSCs express a-SMA, and o-SMA expres-
sion has been accepted as a marker of PSC activation (Apte
et al., 1998). Expression of ¢-SMA was confirmed in culture-
activated PSCs by Western blotting, and the treatment of PSCs
with Y-27632 at 10 or 25uM for 48h reduced the a-SMA
expression (Figure 4a). Another ROCK inhibitor HA-1077,
which is structurally unrelated to Y-27632 (Nagumo et al.,
2000), was used to confirm the effect of inhibition of ROCK
on a-SMA expression. Like Y-27632, HA-1077 (at 10 and
25 uM) decreased the a-SMA expression (Figure 4b). In these
experiments, HA-1077 up to 25uM did not affect the cell
viability during the incubation, as assessed by trypan blue
exclusion test (data not shown). However, when PSCs were
treated with HA-1077 above 50 uM, cytotoxic effects were
observed during the incubation.

Y-27632 and HA-1077 inhibited PSC proliferation

RhoA was activated in culture-activated PSCs, and the PDGF
treatment augmented the activation, as assessed by the pull-
down assay (Figure 5a) and the translocation of RhoA from
the cytosol to the membrane (Figure 5b). We examined the
effects of Y-27632 on PDGF-induced proliferation of PSCs.
As previously reported (Masamune et al., 2003a), PDGF-BB
induced approximately four-fold increase of cell proliferation
in serum-free medium after 72 h (Figure 5¢). Y-27632 inhibited
PDGF-induced PSC proliferation in a dose-dependent man-
ner. At 25uM, Y-27632 almost completely abolished the
stimulation of cell proliferation by PDGF. The inhibitory
effect of Y-27632 on PSC proliferation was confirmed by
measurement of bromodeoxyuridine incorporation during
DNA synthesis (data not shown). Y-27632 also inhibited
cell proliferation in response to 10% fetal bovine serum
(Figure 5c¢).

We analyzed the cell cycle in PSCs in the presence or absence
of Y-27632. Exposure to PDGF was associated with a marked
decrease in the percentage of cells in the G, and G, phase,
together with an increase in the number of cells in the S phase
(Figure 5d). The addition of Y-27632 before PDGF reduced
the number of cells in the S phase, and the percentage of cells
in the G, and G, phase was roughly similar to the percentage
observed in untreated cells. Thus, the addition of Y-27632
inhibited PDGF-induced progression of the cell cycle beyond
the G, phase.

Like Y-27632, HA-1077 inhibited PDGF-induced prolifera-
tion of PSCs (Figure 5Se).

Y-27632 and HA-1077 inhibited PDGF-induced
chemotaxis of PSCs

We have recently found that PDGF-BB induced chemotaxis of
PSCs (Masamune et al., 2003a). We examined the effect of Y-
27632 and HA-1077 on PDGF-induced chemotaxis. PDGF-
BB (at 25ngml~") induced approximately four-fold increase in
chemotaxis of PSCs (Figure 6). Both Y-27632 and HA-1077
inhibited PDGF-induced PSC migration (Figure 6).
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Figure 3 Decreased stress fiber formation. (a) Culture-activated PSCs were incubated with Y-27632 at the indicated concentrations
for 30 min in serum-free medium. Then, total cell lysates (approximately 100 ug) were prepared, and the level of phosphorylated
MLC II was determined by Western blotting. The level of G3PDH was also determined as a loading control. (b, ¢) PSCs were
incubated in the absence (b) or presence (c) of Y-27632 (at 25 uM) for 4 h, and morphological changes were examined under light
microscopy. Original magnification: x 20 objective. (d—f) PSCs were incubated in the absence (d) or presence of Y-27632 (at 10 (e)
or 25 uM (f)) for 24 h, and stained with rhodamine-labeled phalloidin. Original magnification: x 60 objective.

Y-27632 did not affect the activation of ERK, Akt, and
p70 S6 kinase

To elucidate the mechanisms by which Y-27632 inhibited
proliferation and chemotaxis of PSCs, we examined the effects
of Y-27632 on the activation of ERK and phosphatidylinositol
3-kinase-Akt pathways. These pathways have been shown to
play central roles in the proliferation and migration of PSCs,
respectively (Jaster et al., 2002; Masamune et al., 2003a). We
assessed the activation of ERK and Akt by Western blotting
using anti-phosphospecific antibodies. PDGF-BB rapidly
activated ERK and Akt, but Y-27632 did not affect the
PDGF-induced phosphorylation of ERK and Akt (Figure
7a,b). In addition, Y-27632 did not affect PDGF-induced
phosphorylation of p70 S6 kinase (Figure 7c).

Y-27632 inhibited collagen production

It has been accepted that PSCs are the principal source of
collagen in the fibrotic pancreas (Haber et al., 1999). We
examined the effect of ROCK inhibitors on the type I collagen
release from PSCs into the culture supernatants by enzyme-
linked immunosorbent assay. Y-27632 and HA-1077 decreased
the collagen production (Figure 8).

Y-27632 and HA-1077 inhibited the spontaneous
activation of PSCs in culture

Finally, we examined whether Y-27632 and HA-1077 blocked
the transformation of PSCs from quiescent to myofibroblast-
like phenotype in culture. Freshly isolated PSCs were

British Journal of Pharmacology vol 140 (7)
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Figure 4 Y-27632 and HA-1077 decreased a-SMA expression.
Culture-activated PSCs were incubated in the absence or presence
of Y-27632 (at 10 or 25 uM) (a) or HA-1077 (at 10 or 25 uM) (b) for
48 h in serum-free medium. Then, total cell lysates (approximately
100 ug) were prepared, and the level of a-SMA was determined by
Western blotting. The level of G3PDH was also determined as a
loading control.

incubated with Y-27632 or HA-1077 in 5% serum-containing
medium for 7 days. Morphological changes characteristic of
PSC activation were assessed after staining with GFAP. After
7 days, PSCs cultured without Y-27632 or HA-1077 showed
transformation into cells with a myofibroblast-like phenotype
(Figure 9a). In contrast, PSCs cultured in the presence of Y-
27632 (at 25 uM) were small and circular, with lipid droplets
present in many cells and with slender dendritic processes
(Figure 9b). Similar effect was observed with Y-27632 at 10 uM
(data not shown). To rule out the possibility that the effects of
Y-27632 might have been due to cytotoxicity, Y-27632 was
withdrawn from PSCs that had been treated with it for 7 days.
Within 48 h after the withdrawal of Y-27632, PSCs had
acquired the activated phenotype (Figure 9c). Like Y-27632,
HA-1077 inhibited the transformation into myofibroblast-like
cells (Figure 9d). In agreement with the morphological
changes, significant expression of a-SMA was observed on
day 7 in culture-activated PSCs, and the expression was much
lower in the presence of Y-27632 or HA-1077 (Figure 9e).

Discussion

Following pancreatic injury, PSCs undergo transformation
from quiescent cells to activated myofibroblast-like cells.
During the process of activation, the cells changed shape from
small, rounded cells to well-spread cells. Here, we showed that
the activation process of PSCs was accompanied by distinct
changes in the actin cytoskeleton, that is, time-dependent
formation of stress fibers. Activated PSCs expressed both
isoforms of ROCK as well as RhoA. Inhibition of ROCK by
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Figure 5 Y-27632 and HA-1077 inhibited proliferation of PSCs. (a)
After treatment with PDGF-BB (at 25ngml~") for 30 min, PSCs
were lysed, and the total proteins from clarified lysates were
incubated with GST-Rho-binding domain of rhotekin-agarose
slurry ("GST-RBD’) to precipitate GTP-bound RhoA, or with
agarose beads with GST alone. Precipitated RhoA was subjected to
Western blotting using anti-RhoA antibody (Rho pull-down’). The
level of RhoA in the lysates was also determined. (b) After treatment
with PDGF-BB (at 25ngml™") for 30min, cells were lysed, and
ultracentrifuged. The pellet was resuspended by sonication in the
lysis buffer containing 1% Triton X-100, and ultracentrifuged. The
supernatant was collected as a soluble membrane fraction, and
subjected to Western blotting using anti-RhoA antibody. (c) Serum-
starved PSCs were pretreated with Y-27632 at indicated concentra-
tions for 30 min before exposure to PDGF-BB (at 25ngml™') or
10% fetal bovine serum. After 72-h incubation with PDGF or fetal
bovine serum, cell proliferation was assessed. The differences in
absorbance at wavelength 570 minus 690 nm are shown ("OD’). Data
are shown as mean+s.d. (n=7). P<0.01 vs PDGF-BB or fetal
bovine serum only. (d) PSCs were treated with Y-27632 (at 25 um)
for 30 min and then stimulated with PDGF-BB (at 25ngml™"). After
24-h incubation, the cells were harvested, and cell cycle was analyzed
by flow cytometry after staining with propidium iodide. Data show
the percentage of cells in each phase of the cell cycle in a
representative experiment. (¢) PSCs were pretreated with HA-1077
at indicated concentrations for 30 min before exposure to PDGF-BB
(at 25ngml~"). After 72-h incubation with PDGF, cell proliferation
was assessed. The differences in absorbance at wavelength 570 minus
690 nm are shown ("OD’). Data are shown as mean+s.d. (n=06).
**P<0.01 vs PDGF-BB only.

Y-27632 caused disassembly of stress fibers, and inhibited key
parameters of PSC activation including a-SMA expression,
proliferation, migration, and collagen production in culture-
activated PSCs. In addition, Y-27632 blocked the spontaneous
activation of freshly isolated PSCs in culture. These effects
were also observed with another ROCK inhibitor HA-1077,
which is structurally unrelated to Y-27632 (Nagumo et al.,
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Figure 6 Y-27632 and HA-1077 inhibited PDGF-induced chemo-
taxis. Cell migration was assessed using modified Boyden chambers
with 8-um pore filters. Serum-starved PSCs were left untreated
(Cont’) or were treated with PDGF-BB (at 25ngml~") in the lower
chamber in the absence or presence of Y-27632 or HA-1077 (at 10 or
25 um). After 24-h incubation with PDGF-BB, the cells migrated to
the underside of the filter were stained, and viewed at x 200
magnification. Cell counts were obtained in six randomly chosen
fields. Data are shown as mean +s.d. (n=6). **P<0.01 vs PDGF-
BB only.

2000), suggesting a role of the Rho-ROCK pathway in the
activation process of PSCs by regulating the actin cyto-
skeleton. These results are in agreement with the previous
study in rat hepatic stellate cells that RhoA directs activation-
associated alternations in the acto-myosin cytoskeleton (i.e.,
formation of actin stress fibers and focal adhesions) (Yee,
1998). The effects of Y-27632 in this study are not due to the
cytotoxicity of Y-27632, because the concentrations of the
reagent (up to 25uM) used in this study did not reduce cell
viability and the effects were reversible after the removal of Y-
27632. Y-27632 has been extensively used as a specific
inhibitor of ROCK in a variety of cell types. Sahai et al.
(1999) reported that Y-27632 exhibited selectivity for ROCK
in vitro and did not inhibit other kinases tested, including other
Rho effectors such as PRK1/PKN and citron kinase, and
protein kinases A and C. Furthermore, we showed that Y-
27632 inhibited the phosphorylation of MLC as well as the
formation of stress fibers, which had been shown to be ROCK-
dependent in vitro (Hall, 1994; Takai et al., 1994). Culture-
activated PSCs expressed both ROCK-1 and ROCK-2. Since
Y-27632 inhibits both isoforms of ROCK, it remains unknown
which of the isoforms plays a central role in the activation
of PSCs.

In addition to the inhibition of spontaneous activation of
PSCs in culture, Y-27632 and HA-1077 decreased «-SMA
expression, which has been accepted as a marker of PSC
activation (Apte et al., 1998) in culture-activated PSCs. This is
in agreement with the previous studies showing that Y-27632
inhibited -SMA expression or promoter activity in several
types of cells including rat vascular smooth muscle cells (Mack
et al., 2001), mesangial cells (Patel et al., 2003), and hepatic
stellate cells (Tada et al., 2001). The Rho-mediated regulation
of «-SMA gene expression has been investigated in detail in
NIH3T3 cells (Sotiropoulos et al., 1999) and rat vascular

PDGF (+)
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Akt ™= _—— R .

p-ERK -
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Figure 7 Y-27632 did not affect PDGF-induced activation of Akt,
ERK, and p70 S6 kinase. PSCs were preincubated with Y-27632 at
the indicated concentrations (uM) for 30 min before exposure to
PDGF-BB (at 25 ngml~"). After 5-min incubation with PDGF, total
cell lysates (approximately 100 pg) were prepared, and the levels of
phosphorylated Akt, ERK, and p70 S6 kinase were determined by
Western blotting. The levels of total ERK, Akt, and G3PDH were
also determined.

100 1

50

Collagen production
(% of Control)
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Cont 10 25 10 25
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Figure 8 Y-27632 and HA-1077 decreased collagen production.
PSCs were treated with Y-27632 or HA-1077 (at 25 uM) in serum-
free medium for 48 h. The type I collagen released into the culture
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 percentage of the
untreated control ("Con’). Data are shown as mean+s.d. (n=06).
**P<0.01 vs control.

smooth muscle cells (Mack et al., 2001); RhoA regulates the
serum response factor-dependent transcription of a-SMA, and
the effects of Rho on the serum response factor-mediated
transcription is secondary to the actions of RhoA on the actin
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Figure 9 Y-27632 and HA-1077 inhibited spontaneous activation of freshly isolated PSCs. (a—d) Freshly isolated PSCs were
incubated in the absence (a) or presence of Y-27632 (at 25 uM) (b) or HA-1077 (at 25 um) (d) for 7 days in 5% serum-containing
medium, and morphological changes were assessed under phase-contrast microscopy after staining with GFAP. Original
magnification: x 10 objective. (c) Y-27632 was withdrawn from PSCs that had been treated with it for 7 days. At 2 days after the
withdrawal of Y-27632, PSCs showed the typical phenotype of activated PSCs. Original magnification: x 10 objective. (e) Total cell
lysates (approximately 25 ug) were prepared from cells treated with or without ROCK inhibitors (at 25 uM) for 7 days, and the level
of 2-SMA was determined by Western blotting. The level of G3PDH was also determined as a loading control.

cytoskeleton. As Y-27632 only inhibited the a-SMA promoter
activity by 50—60%, it was suggested that other Rho effectors,
such as PKN, citron kinase, rhotekin, and the diaphanous
family of proteins, might be involved (Mack et al., 2001). This
is in agreement with the result of the current study showing
that Y-27632 and HA-1077 significantly, but not completely,
inhibited «-SMA expression in culture-activated PSCs. It
should be noted that Buck ez al. (2000) reported that c-Myb
might be a molecular mediator of oxidative stress on stellate
cell activation, and that c-Myb modulates transcription of
a-SMA gene in activated hepatic stellate cells. Further studies
will clarify whether the Rho-ROCK pathway modulates
a-SMA expression through the interaction with c-Myb in PSCs.

There is accumulating evidence that RhoA activation may
serve as a convergence point for multiple environmental
factors known to regulate smooth muscle cell-specific gene
expression and differentiation. For example, integrin—matrix
interactions, mechanical stretch, and contractile agonists, such
as endothelin-1 and angiotensin II, are known to regulate

smooth muscle cell-specific gene expression as well as the
activity of RhoA (Kim ez al., 1997; Yamakawa et al., 2000).
Although it remains to be elucidated whether these environ-
mental factors regulate cellular functions of PSCs through
RhoA-dependent signaling mechanisms and/or changes in
actin dynamic, inhibition of Rho-ROCK pathway might be
useful to regulate a variety of cellular functions of PSCs.
Indeed, we have recently found that endothelin-1 stimulates
the contraction and migration of PSCs, both of which were
mediated by the Rho-ROCK pathway (Masamune et al.,
unpublished observation). Along this line, Kawada et al.
(1999) showed that Y-27632 attenuated phosphorylation of
MLC and formation of actin stress fiber, resulting in the
impairment of contractile force in hepatic stellate cells.
Stellate cell proliferation and the expansion of their pool are
a fundamental feature of pancreatic fibrosis (Haber et al.,
1999). Accumulation of PSCs may result not only from
proliferation but also from migration. Here, we showed that
Y-27632 and HA-1077 inhibited proliferation and migration in
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response to PDGF, suggesting a role of the Rho-ROCK
pathway for these cellular functions of PSCs. The effects of Y-
27632 on cellular functions of PSCs appear not to be specific
for PDGF-BB, because Y-27632 also inhibited serum-induced
proliferation of PSCs. This is in agreement with the previous
report showing that Y-27632 attenuated fetal bovine serum-
induced growth (Iwamoto et al, 2000), and endothelin-1-
induced migration (Tangkijvanich et al., 2001) in rat hepatic
stellate cells. Inhibition of cellular migration by Y-27632 and
HA-1077 was not unexpected, because cellular migration is
known to be a complex process involving dynamic changes in
the actin—myosin cytoskeleton (Lauffenburger & Horwitz,
1996). Inhibition of proliferation was accompanied by the
arrest of the cell cycle at the G, phase, as in the case of hepatic
stellate cells, where Y-27632 increased p27*P' expression and
reduced cyclin D1 expression (Iwamoto et al., 2000). Along
this line, Welsh et al. (2001) reported that Rho is crucial for
maintaining the correct timing of cyclin D1 expression in G,
phase, suggesting a new role for cytoskeletal integrity in the
regulation of cell cycle progression. The signaling pathways
responsible for PDGF’s actions on PSCs remain largely
unknown, but we and others have recently shown that
activation of ERK is crucial for proliferation and of
phosphatidylinositol 3-kinase-Akt pathway for migration
(Jaster et al., 2002; Masamune et al., 2003a). However, in this
study, Y-27632 did not affect PDGF-induced phosphorylation
of ERK and Akt, suggesting that the target of ROCK is, if
any, located downstream of ERK and Akt. Previous studies
have shown that the relation between Rho, Akt, and ERK
might depend on the cell types and stimuli. In hepatic stellate
cells, Y-27632 inhibited integrin-mediated, but not PDGF-
induced, phosphorylation of ERK (Iwamoto et al., 2000).
Rho-ROCK pathway regulated mechanical stretch-induced
ERK activation in vascular smooth muscle cells (Numaguchi
et al., 1999), whereas Y-27632 did not affect angiotensin II-
induced ERK phosphorylation in this type of cells (Takeda
et al., 2001). In Swiss 3T3 cells, the activation of phosphati-
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