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BACKGROUND AND PURPOSE
Severe acute pancreatitis (SAP) is characterized by trypsinogen activation, infiltration of leucocytes and tissue necrosis but the
intracellular signalling mechanisms regulating organ injury in the pancreas remain elusive. Rho-kinase is a potent regulator of
specific cellular processes effecting several pro-inflammatory activities. Herein, we examined the role of Rho-kinase signalling
in acute pancreatitis.

EXPERIMENTAL APPROACH
Pancreatitis was induced by infusion of taurocholate into the pancreatic duct in C57BL/6 mice. Animals were treated with a
Rho-kinase inhibitor Y-27632 (0.5–5 mg·kg-1) before induction of pancreatitis.

KEY RESULTS
Taurocholate infusion caused a clear-cut increase in blood amylase, pancreatic neutrophil infiltration, acinar cell necrosis and
oedema formation in the pancreas. Levels of pancreatic myeloperoxidase (MPO), macrophage inflammatory protein-2
(MIP-2), trypsinogen activation peptide (TAP) and lung MPO were significantly increased, indicating local and systemic
disease. Inhibition of Rho-kinase activity dose-dependently protected against pancreatitis. For example, 5 mg·kg-1 Y-27632
reduced acinar cell necrosis, leucocyte infiltration and pancreatic oedema by 90%, 89% and 58%, respectively, as well as
tissue levels of MPO by 75% and MIP-2 by 84%. Moreover, Rho-kinase inhibition decreased lung MPO by 75% and blood
amylase by 83%. Pancreatitis-induced TAP levels were reduced by 61% in Y-27632-treated mice. Inhibition of Rho-kinase
abolished secretagogue-induced activation of trypsinogen in pancreatic acinar cells in vitro.

CONCLUSIONS AND IMPLICATIONS
Our novel data suggest that Rho-kinase signalling plays an important role in acute pancreatitis by regulating trypsinogen
activation and subsequent CXC chemokine formation, neutrophil infiltration and tissue injury. Thus, these results indicate that
Rho-kinase may constitute a novel target in the management of SAP.

Abbreviations
i.p., intraperitoneal; MIP-2, macrophage inflammatory protein-2; MNL, monomorphonuclear leucocytes; MPO,
myeloperoxidase; MOPS, 3-(morpholino) propanesulphonic acid; PBS, phosphate-buffered saline; PMNL,
polymorphonuclear leucocytes; RIA, radioimmunoassay; SAP, severe acute pancreatitis; TAP, trypsinogen activating
peptide

Introduction
The clinical course of acute pancreatitis includes a wide spec-
trum of presentations from simple and transient pain to

development of local and systemic complications (Andersson
et al., 2007). At present, there is no useful method to predict
the severity and outcome of acute pancreatitis. Despite sub-
stantial investigative efforts, there is still no specific therapy
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available against acute pancreatitis and treatment is mainly
limited to supportive care, which is partly related to an
incomplete understanding of the underlying pathophysiol-
ogy. In general, trypsinogen activation, inflammation and
impaired microvascular perfusion have been implicated in
the pathophysiology of pancreatitis (Wang et al., 2009; Zhang
et al., 2009). Considering that trypsinogen activation seems
to be an early and temporary process, inflammation in the
pancreas persists longer and might be a more favourable
target for specific therapeutic interventions (Regner et al.,
2008). Tissue accumulation of leucocytes constitutes a hall-
mark of inflammation and numerous studies have docu-
mented a critical role of leucocyte recruitment in the
pathophysiology of acute pancreatitis (Glasbrenner and
Adler, 1993; Bhatia et al., 2000; Granger and Remick, 2005;
Ryschich et al., 2009). Activation and tissue navigation of
leucocytes are coordinated by secreted chemokines (Bacon
and Oppenheim, 1998). The chemokine family is subdivided
into two main groups (CC and CXC) based on structural
properties. In the mouse, the CXC chemokine family
includes macrophage inflammatory protein-2 (MIP-2), which
is known to be a murine homologue of human growth-
related oncogenic chemokines (Tekamp-Olson et al., 1990).
MIP-2 is considered to predominately attract neutrophils and
has been implicated as an important mediator of several
severe conditions, such as endotoxaemia-induced lung and
liver injury (Li et al., 2004; Mangalmurti et al., 2009), glom-
erulonephritis (Feng et al., 1995), bacterial meningitis (Klein
et al., 2006) and hepatic ischaemia-reperfusion (Monson
et al., 2007). Indeed, one previous study has shown that
MIP-2 may also be an important regulator of neutrophil infil-
tration in the pancreas (Pastor et al., 2003). Although, the role
of specific chemoattractants in leucocyte infiltration in the
pancreas is relatively well described, the understanding of the
signalling pathways orchestrating pro-inflammatory actions
in the pancreas is limited.

Extracellular stress signals, such as ischaemia and infec-
tion, initiate intracellular signalling cascades that converge
on specific transcription factors regulating gene expression
of pro-inflammatory mediators. This signal transmission is
largely regulated by intracellular kinases phosphorylating
down-stream targets (Itoh et al., 1999). For example, small
(~21 kDa) guanosine triphosphatases of the Ras-homologus
(Rho) family and one of their effectors, Rho-kinase, are
known to act as molecular switches regulating numerous
important cellular functions, such as cytoskeleton organiza-
tion, cell adhesion, migration, reactive oxygen species forma-
tion and oncogenic transformation (Itoh et al., 1999; Alblas
et al., 2001; Slotta et al., 2006). Notably, Rho-kinase inhibitors
have been demonstrated to ameliorate reperfusion and
endotoxaemic injury in the liver (Slotta et al., 2008) as well as
protecting against tissue fibrosis (Kitamura et al., 2007),
obstructive cholestasis (Laschke et al., 2008), cerebral and
intestinal ischaemia (Shin et al., 2007; Santen et al., 2010)
and pulmonary hypertension (Oka et al., 2008). However, the
role of the Rho-kinase signalling in regulating trypsinogen
activation, leucocyte recruitment and tissue injury in acute
pancreatitis is not known.

Based on the above, we hypothesized that Rho-kinase
signalling may play an important role in acute pancreatitis.
We used a new experimental model of severe acute pancre-

atitis (SAP) in mice and interfered with Rho-kinase activity
by administration of Y-27632, a specific Rho-kinase
inhibitor.

Methods

Animals
All experiments were done in accordance with the legislation
on the protection of animals and were approved by the
Regional Ethical Committee for animal experimentation at
Lund University, Sweden. Male C57BL/6 mice weighing
20–26 g (6–8 weeks) were maintained in a climate-controlled
room at 22°C and exposed to a 12:12 h light-dark cycle.
Animals were fed standard laboratory diet and given water ad
libitum. Mice were anaesthetized by i.p. administration of
7.5 mg of ketamine hydrochloride (Hoffman-La Roche, Basel,
Switzerland) and 2.5 mg of xylazine (Janssen Pharmaceutica,
Beerse, Belgium) 100 g-1 body weight in 200 mL saline.

Experimental model of taurocholate-induced
pancreatitis
The second part of duodenum and papilla of Vater was iden-
tified through a small (1–2 cm) upper midline incision. Trac-
tion sutures (7-0 prolene) were placed 1 cm from the papilla.
A small puncture was made through the duodenal wall in
parallel to the papilla of Vater with a 23G needle. A non-
radiopaque polyethylene catheter (ID 0.28 mm) connected to
a microinfusion pump (CMA/100, Carnegie Medicin, Stock-
holm, Sweden) was inserted through the punctured hole in
the duodenum, via the papilla of Vater and 1 mm into the
common bile duct. The common hepatic duct was identified
at the liver hilum and clamped with a neurobulldog clamp.
10 mL of either 5% sodium taurocholate (Sigma-Aldrich, USA)
or sodium chloride (0.9%) was infused for 5 min. Then the
catheter was withdrawn and the common hepatic duct clamp
was removed. The duodenal puncture closed by a purse-string
suture (7-0 monofilament). The traction sutures were
removed and abdomen was closed in two layers. Animals
were allowed to wake up and given free access to food and
water. Sham-operated animals underwent the same proce-
dure without any infusion into the pancreas. Vehicle or the
Rho-kinase inhibitor, Y-27632 [(R)-(+)-trans-N-(4-pyridyl)-4-
(1-aminoethyl)-cyclohexanecarboxamide; Calbiochem, San
Diego, USA], was given (0.5–5 mg·kg-1) i.p. 30 min prior to
bile duct cannulation.

In separate experiments animals were treated with
5 mg·kg-1 Y-27632 2 h after taurocholate challenge. Animals
were killed 24 h after the induction of pancreatitis. One
group of mice received 5 mg·kg-1 Y-27632 alone without bile
duct cannulation. Blood was collected from the tail vein for
systemic leucocyte differential counts and determination of
blood amylase levels. Blood samples were also collected from
the inferior vena cava for flow cytometric studies of neutro-
phils. Pancreatic tissue was removed and kept in two pieces;
one piece was snap-frozen in liquid nitrogen for biochemical
analysis of myeloperoxidase (MPO), trypsinogen activating
peptide (TAP) and MIP-2 and the other piece was fixed in
formalin for later histological analysis.
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Systemic leucocyte counts
Tail vein blood was mixed with Turks solution (0.2 mg
gentian violet in 1 mL glacial acetic acid, 6.25% v/v) in a 1:20
dilution. Leucocytes were identified as monomorphonuclear
(MNLs) and polymorphonuclear (PMNLs) cells in a Burker
chamber.

Blood amylase
Amylase was quantified in blood with a commercially avail-
able assay (Reflotron®, Roche Diagnostics GmbH, Man-
nheim, Germany).

MPO assay
Frozen pancreatic tissue was preweighed and homogenized in
1 mL mixture (4:1) with phosphate-buffered saline and apro-
tinin 10 000 KIE mL-1 (Trasylol®, Bayer HealthCare AG,
Leverkusen, Germany) for 1 min. The homogenate was cen-
trifuged (15339¥ g, 10 min) and the supernatant was stored at
-20°C and the pellet was used for MPO assay as previously
described (Laschke et al., 2007). In brief, the pellet was mixed
with 1 mL of 0.5% hexadecyltrimethylammonium bromide.
Next, the sample was frozen for 24 h and then thawed, soni-
cated for 90 s, put in a water bath set at 60°C for 2 h, after
which the MPO activity of the supernatant was measured.
The enzyme activity was determined spectrophotometrically
as the MPO-catalyzed change in absorbance in the redox
reaction of H2O2 (450 nm, with a reference filter 540 nm,
25°C). Values are expressed as MPO units g-1 tissue.

Flow cytometry
For analysis of Mac-1 and CXCR2 expression on circulating
neutrophils, blood was collected into syringes prefilled with
1:10 acid citrate dextrose at 24 h post taurocholate challenge.
Immediately after collection, blood samples were incubated
with an anti-CD16/CD32 antibody blocking Fcg III/II
receptors to reduce non-specific labelling for 10 min at room
temperature and then incubated with FITC-conjugated
anti-Mac-1 (clone M1/70, Integrin aM chain, rat IgG2b), APC-
conjugated anti-Gr-1 (clone RB6-8C5, Rat IgG2b) and PerCP
Cy5.5-conjugated anti-mouse CD182 (CXCR2) (clone TG11/
CXCR2, rat IgG2a, Biolegend, San Diego, CA, USA) antibod-
ies. Cells were fixed with 1% formaldehyde solution,
erythrocytes were lysed using red blood cell lysing buffer
(Sigma Chemical Co., St. Louis, MO, USA) and neutrophils
were recovered following centrifugation. Flow-cytometric
definition of neutrophils was based on Gr-1+ cells in the
neutrophil population of cells based on forward and side
scatter characteristics on a FACSort flow cytometer (Becton
Dickinson, Mountain View, CA, USA). A viable gate was used
to exclude dead and fragmented cells.

MIP-2 levels
Tissue levels of MIP-2 were determined in stored supernatant
from homogenized pancreatic tissue by using double-
antibody Quantikine enzyme linked immunosorbent assay
kits (R & D Systems Europe, Abingdon, UK) using recombi-
nant murine MIP-2 as standard. The minimal detectable
protein concentration is less than 0.5 pg·mL-1.

Histology
Pancreas samples were fixed in 4% formaldehyde phosphate
buffer overnight and then dehydrated and paraffin embed-

ded. Six micrometer sections were stained (haematoxylin and
eosin) and examined by light microscopy. The severity of
pancreatitis was evaluated in a blinded manner by use of a
preexisting scoring system including oedema, acinar cell
necrosis and neutrophil infiltrate on a 0 (absent) to 4 (exten-
sive) scale, as previously described in detail (Schmidt et al.,
1992).

Radioimmunoassay
RIA was performed as described previously (Lindkvist et al.,
2008). A 0.1 M Tris HCl buffer (pH 7.5) containing 0.15 M
NaCl, 0.005 M EDTA and 2 g·L-1 bovine serum albumin
(Sigma, St Louis, USA) was used as assay buffer. Samples of
100 mL diluted in assay buffer were incubated (16 h, 4°C) with
200 mL of [125 I]-Tyr-TAP (=20 000 counts min-1) in assay buffer
and 200 mL of antiserum diluted 1/750 in assay buffer. Parallel
incubations with the synthetic activation peptide TAP diluted
in assay buffer in a series of concentrations from 0.078 to
20 nM, were used as standards in the assays. Free and bound
radioactivities were separated by means of a second step anti-
body precipitation; 100 mL of a cellulose coupled anti-mouse
IgG suspension (Sc-Cel® IDA, Boldon, England) was added to
the samples. After 30 min of incubation, 1 mL of water was
added and tubes were centrifuged (704¥ g, 5 min, room tem-
perature). The supernatant was decanted and radioactivity of
the precipitate was counted in a g-spectrophotometer
(1 min).

Tryspsinogen activation in isolated
acinar cells
Pancreatic acini cells were prepared by collagenase digestion
and gentle shearing as described previously (Saluja et al.,
1999). Cells were suspended in HEPES-Ringer buffer (pH 7.4)
saturated with O2 and passed through a 150 mm cell strainer
(Partec, England). Isolated acinar cells (1 ¥ 107 cells per well)
were preincubated with vehicle or Y-27632 (100 nM, 10 min)
and stimulated with 100 nM cerulein (37°C, 30 min). The
buffer was then discarded and the cells were washed twice
with buffer (pH 6.5) containing 250 mM sucrose, 5 mM
3-(morpholino) propanesulphonic acid (MOPS) and 1 mM
MgSO4. The cells were next homogenized in cold (4°C) MOPS
buffer using a potter Elvejham-type glass homogenizer. The
resulting homogenate was centrifuged (56¥ g, 5 min), and the
supernatant was used for assay. Trypsin activity was measured
flourometrically using Boc-Glu-Ala-Arg-MCA as the substrate
as described previously (Kawabata et al., 1988). For this
purpose, a 200 mL aliquot of the acinar cell homogenate was
added to a cuvette containing assay buffer (50 mM Tris,
150 mM NaCl, 1 mM CaCl2 and 0.1% BSA, pH 8.0). The
reaction was initiated by the addition of substrate, and the
fluorescence emitted at 440 nm in response to excitation at
380 nm was monitored. Trypsin levels (pg·mL-1) were calcu-
lated using a standard curve generated by assaying purified
trypsin. Viability of the pancreatic acinar cells was higher
than 95% as determined by trypan blue dye exclusion.

Statistics
Data are presented as mean values � SEM. Statistical evalua-
tions were performed using Kruskal-Wallis one-way analysis
of variance on ranks followed by multiple comparisons versus
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control group (Dunnett’s method). P < 0.05 was considered
significant, and n represents the number of animals.

Results

Rho-kinase activity regulates tissue damage
in pancreatitis
To study the role of Rho-kinase, we first examined blood
amylase levels as an indicator of tissue damage in SAP. It was
found that retrograde infusion of sodium taurocholate into
the pancreatic duct enhanced blood amylase levels by nearly
17-fold (Figure 1, P < 0.05 vs. sham, n = 5-7). Administration

of the Rho-kinase inhibitor Y-27632 reduced taurocholate-
provoked levels of blood amylase from 834.4 � 117.3 mKat·L-1

down to 141.2 � 28.5 mKat·L-1, corresponding to an 83%
reduction (Figure 1, P < 0.05 vs. vehicle + taurocholate, n =
5–7). Morphological examination revealed that pancreas
tissue from control animals had a normal microstructure
(Figure 2, n = 5–7), whereas taurocholate challenge caused
severe destruction of the pancreatic tissue structure charac-
terized by extensive acinar cell necrosis, oedema and massive
infiltration of neutrophils (Figure 2, n = 5–7). It was observed
that Rho-kinase inhibition protected against taurocholate-
induced destruction of the tissue structure (Figure 2, n = 5–7).
For example, inhibition of Rho-kinase activity decreased
taurocholate-induced acinar cell necrosis by 90% and oedema
by 58% in the pancreas (Figure 3A and B, P < 0.05 vs. vehicle
+ taurocholate, n = 5–7). Indeed, the number of circulating
MNL and neutrophils increased in SAP, indicating systemic
activation in this model (Table 1). Rho-kinase inhibition
reversed systemic changes in leucocyte differential counts
towards baseline levels in controls (Table 1). Notably, admin-
istration of 5 mg·kg-1 Y-27632 (n = 6) after induction of pan-
creatitis had no effect on taurocholate-induced acinar cell
necrosis, oedema or infiltration of neutrophils in pancreas
(not shown).

Rho-kinase activity controls neutrophil
recruitment in pancreatitis
Pancreatic levels of MPO were used as a marker of inflamma-
tory cell infiltration. Peak levels of MPO were observed 24 h
after taurocholate challenge (not shown) and this time-point
was used for subsequent studies of neutrophil infiltration in
the pancreas. It was found that challenge with taurocholate
enhanced pancreatic levels of MPO by seven-fold (Figure 4A,
P < 0.05 vs. sham, n = 5–7). Inhibition of Rho-kinase signal-
ling decreased taurocholate-induced MPO levels in the pan-
creas by 73% (Figure 4A, P < 0.05 vs. vehicle + taurocholate,
n = 5–7). Moreover, histological analysis of pancreatic tissue
showed that taurocholate challenge provoked a clear-cut
enhancement in extravascular neutrophils (Figure 4B, P <
0.05 vs. sham, n = 5–7). Notably, administration of 5 mg·kg-1
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Figure 1
Blood amylase (mKat·L-1) in sham and control animals infused with
saline alone into the pancreatic duct. Animals were treated with PBS
or the Rho-kinase inhibitor Y-27632 (0.5–5.0 mg·kg-1) before infu-
sion with sodium taurocholate into the pancreatic duct. One group
of mice was given 5 mg·kg-1 Y-27632 alone without bile duct can-
nulation. Blood samples were obtained after 24 h. Data represent
means � SEM and n = 5–7. #P < 0.05 versus sham and *P < 0.05
versus PBS + taurocholate.

Table 1
Systemic leucocyte differential counts

PMNL MNL Total

Sham 0.8 � 0.1 4.6 � 0.2 5.4 � 0.2

Y-27632 5 mg·kg-1 0.9 � 0.2 4.3 � 0.2 5.2 � 0.4

Saline control 0.9 � 0.1 4.6 � 0.1 5.5 � 0.2

PBS + pancreatitis 1.7 � 0.2# 6.9 � 0.6# 7.6 � 0.7#

Y-27632 0.5 mg·kg-1 + pancreatitis 1.7 � 0.3 6.1 � 0.1 7.8 � 0.4

Y-27632 2.5 mg·kg-1 + pancreatitis 1 � 0.1* 4.9 � 0.1* 5.9 � 0.2*

Y-27632 5 mg·kg-1 + pancreatitis 0.9 � 0.1* 5.3 � 0.1* 6.2 � 0.2*

Blood was collected from sham, saline control, taurocholate-treated animals receiving PBS or the Rho-kinase inhibitor Y-27632 (0.5–
5 mg·kg-1). One group of mice received 5 mg·kg-1 Y-27632 alone without bile duct cannulation. Cells were identified as monomorphonuclear
leucocytes (MNL) and polymorphonuclear leucocytes (PMNL). Data represents mean � SEM, 106 cells mL-1 and n = 5–7. #P < 0.05 versus
sham and *P < 0.05 versus PBS + taurocholate.
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Y-27632 reduced taurocholate-provoked infiltration of neu-
trophils in the pancreas by 88% (Figure 4B, P < 0.05 vs.
vehicle + taurocholate, n = 5–7). Neutrophil chemotaxis is
known to be coordinated by MIP-2 (Pastor et al., 2003).
Herein, we observed that MIP-2 levels were low but detectable
in normal pancreas and that challenge with taurocholate
markedly increased MIP-2 levels in the pancreas up to 22.1 �

5.3 pg·mg-1 tissue (Figure 4C). Notably, Rho-kinase inhibition
greatly decreased MIP-2 levels in the inflamed pancreas
(Figure 4C). In addition, we noted that Mac-1 expression was
increased on the surface of circulating neutrophils in mice
with pancreatitis (Figure 5A), indicating systemic activation
in this experimental model. Inhibition of Rho-kinase signal-
ling markedly reduced neutrophil expression of Mac-1 in
pancreatitis (Figure 5A). In contrast, the expression of
chemokine receptor CXCR2 on neutrophils decreased after
taurocholate challenge and administration of Y-27632 had no
effect on CXCR2 expression on neutrophils in animals with
pancreatitis (Figure 5B). As part of the systemic response to
SAP, activated neutrophils accumulate in the lung. Indeed, we
observed that MPO levels in the lung were significantly

increased in animals with pancreatitis. Pretreatment with
Y-27632 decreased pulmonary levels of MPO by 75% in mice
challenged with taurocholate (Figure 5C). In contrast, treat-
ment with 5 mg·kg-1 Y-27632 (n = 6) had no effect on MPO
levels in the pancreas or the lung when given after taurocho-
late challenge (not shown).

Rho-kinase activity regulates trypsinogen
activation in pancreatitis
TAP is a cleavage product from trypsinogen and TAP is a
useful marker of trypsinogen activation (Gudgeon et al.,
1990; Hartwig et al., 1999). Herein, it was found that tauro-
cholate challenge increased TAP levels in the pancreas by
3-fold (Figure 6, P < 0.05 vs. sham, n = 5–7), suggesting that
trypsinogen is indeed activated in this model of pancreatitis.
Interestingly, we observed that administration of the Rho-
kinase inhibitor significantly reduced taurocholate-induced
TAP levels from 357.2 � 28.2 down to 146.8 � 56.8 mg·g-1

tissue, corresponding to a 61% reduction in trypsinogen acti-
vation (Figure 6, P < 0.05 vs. vehicle + taurocholate, n = 5–7).

B
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100 µm 100 µm

100 µm 100 µm

A

C

Figure 2
Representative haematoxylin and eosin stained sections of the pancreas. (A) Sham animals and (B) control animals infused with saline alone into
the pancreatic duct. Taurocholate-exposed mice were pretreated with (C) PBS or (D) 5 mg·kg-1 of the Rho-kinase inhibitor Y-27632. Samples were
harvested 24 h later. Bars represent 100 mm.

BJP D Awla et al.

652 British Journal of Pharmacology (2011) 162 648–658



Rho-kinase activity regulates activation of
trypsinogen in acinar cells in vitro
We next determined whether Rho-kinase regulates trypsino-
gen activation in pancreatic acinar cells in vitro. For this
purpose, we isolated acinar cells from the pancreas of mice
and incubated the cells with cerulein as described previously
(Saluja et al., 1999). It was found that cerulein stimulation
increased trypsinogen activation by two-fold compared with
unstimulated cells (Figure 7, P < 0.05 vs. control, n = 5).
Notably, preincubation of the acinar cells with Y-27632
decreased secretagogue-induced activation of trypsinogen by
69% (Figure 7, P < 0.05 vs. vehicle + cerulein, n = 5).

Discussion and conclusions

Signalling mechanisms regulating pathophysiological pro-
cesses in acute pancreatitis are incompletely understood. The
present study reveals that Rho-kinase signalling plays an inte-
gral part in the pathophysiology of SAP. In fact, inhibition of
Rho-kinase activity markedly reduced acinar cell necrosis and
blood amylase levels in acute pancreatitis. Our findings show
that inhibition of Rho-kinase activity abolishes trypsinogen
activation in the pancreas, which helps to explain the attenu-
ated inflammatory response and tissue damage in SAP. These
novel findings indicate that targeting Rho-kinase activity
may be a useful approach to protect against SAP.

Rho-kinase activity is generally considered to regulate
cytoskeletal dynamics, including cell contraction and vesicu-
lar trafficking, but there is increasing evidence also im-
plicating Rho-kinase signalling in numerous features of
inflammatory reactions, such as leucocyte migration, phago-
cytosis and cytokine formation (Riento and Ridley, 2003;

Bokoch, 2005). In the present study, we observed that admin-
istration of Y-27632, a specific Rho-kinase inhibitor, markedly
decreased tissue damage in SAP. For example, inhibition of
Rho-kinase signalling reduced the taurocholate-induced
increase in blood amylase by 83% and acinar cell necrosis by
more than 90%, indicating that Rho-kinase indeed controls a
substantial part of the tissue injury in pancreatitis. It should
be mentioned that a previous study reported that Y-27632
increased secretion of amylase from acinar cells in cerulein-
induced pancreatitis (Kusama et al., 2003). That observation
may seem to be in contrast to our present findings but the
reduction of blood amylase in our present work is more likely
to be related to the protective effect of Y-27632 against
taurocholate-induced cell injury in the pancreas. Nonethe-
less, our present data constitutes the first evidence in the
literature that inhibition of the Rho-kinase signalling
pathway protects against SAP. Thus, our data add SAP to the
growing list of conditions, which may be ameliorated by
interference with Rho-kinase signalling, including ischaemia-
reperfusion (Bao et al., 2004; Shiotani et al., 2004), endotox-
aemia (Thorlacius et al., 2006), septic lung injury (Tasaka
et al., 2005), tissue fibrosis (Bourgier et al., 2005) and obstruc-
tive cholestasis (Laschke et al., 2009). In this context, it is
interesting to note that the present findings show that inhi-
bition of Rho-kinase attenuates TAP levels in animals with
pancreatitis, suggesting that Rho-kinase is involved in the
conversion of trypsinogen to active trypsin. This caused us to
ask whether Rho-kinase may regulate trypsinogen activation
in acinar cells in the pancreas. Interestingly, we found that
Y-27632 abolished secretagogue-induced activation of trypsi-
nogen in vitro, suggesting that Rho-kinase indeed regulates
trypsinogen activation in acinar cells. Considering that
trypsin formation is an early and important component in
the pathophysiology of AP (Mithöfer et al., 1998), it is

A
c
in

a
r 

c
e
ll 

n
e
c
ro

s
is

 (
s
c
o
re

 0
-4

)

0

1

2

3

4

Taurocholate

#

*

Saline

Sham 5.0

Y-27632 (mg kg
-1

)

PBS
_

2.50.55.0
Y-27632

(mg kg
-1

)

E
d

e
m

a
 (

s
c
o
re

 0
-4

)

0

1

2

3

4

Sham 5.0

Y-27632 (mg kg
-1

)

Taurocholate

PBS

Saline

_
2.50.5

#

*

5.0
Y-27632

(mg kg
-1

)

BA

Figure 3
Rho-kinase regulates taurocholate-induced tissue damage in the pancreas. (A) Acinar cell necrosis and (B) oedema formation in sham, control
(saline alone into the pancreatic duct) and taurocholate-exposed mice pretreated with PBS or the Rho-kinase inhibitor Y-27632 (0.5–5 mg·kg-1).
One group of mice was given 5 mg·kg-1 Y-27632 alone without bile duct cannulation. Samples were obtained after 24 h. Data represent means
� SEM and n = 5–7. #P < 0.05 versus sham and *P < 0.05 versus PBS + taurocholate.
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tempting to speculate that trypsinogen activation is a main
target of the Rho-kinase inhibitor in AP. However, the rela-
tionship between trypsin activity on one hand and the
inflammatory response on the other hand in SAP is not
clearly delineated. It may be that both develop in parallel and
potentiate each other or there may be a sequential relation-
ship with one preceding the other. Nonetheless, we also
observed that administration of Y-27632 after taurocholate
challenge had no significant effect on inflammatory param-
eters or tissue damage in the pancreas, supporting the notion
above that trypsinogen activation in acinar cells rather than
secondary chemokine formation and neutrophil activation
may be the main protective mechanism exerted by the Rho-
kinase inhibitor. In this context, it should be noted that

targeting Rho-kinase activity may have a limited influence on
the treatment of patients with on-going pancreatitis consid-
ering that Rho-kinase-regulated activation of trypsinogen is
an early feature in AP and that delayed treatment with the
Rho-kinase inhibitor did not ameliorate tissue damage in the
inflamed pancreas. However, it is possible that high-risk
patients undergoing endoscopic retrograde cholangiopancre-
atography may benefit from prophylactic administration of
Rho-kinase inhibitors.

Activation and extravascular accumulation of leucocytes
are key components in the inflammatory response following
injury and infection, but in certain instances, leucocytes may
cause organ damage, including graft rejection and sepsis
(Carlos and Harlan, 1994). In fact, numerous studies have
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Figure 4
Rho-kinase regulates taurocholate-induced neutrophil accumulation in the pancreas. (A) MPO levels, (B) extravascular neutrophils, (C) MIP-2 levels
in the pancreas in sham, control (saline alone into the pancreatic duct) and taurocholate-exposed mice pretreated with PBS or the Rho-kinase
inhibitor Y-27632 (0.5–5 mg·kg-1). One group of mice was given 5 mg·kg-1 Y-27632 alone without bile duct cannulation. Samples were obtained
after 24 h. Data represent means � SEM and n = 5–7. #P < 0.05 versus sham and *P < 0.05 versus PBS + taurocholate.
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documented that leucocyte recruitment constitutes a rate-
limiting step in pancreatitis by demonstrating markedly
attenuated tissue destruction in neutrophil-depleted animals
(Kyriakides et al., 2001). Herein, we observed that taurocho-
late challenge increased MPO activity and the number of
extravascular neutrophils in the pancreas. Administration of
Y-27632 greatly decreased both MPO levels (73%) and
extravascular neutrophils (88%) in the pancreas, suggesting
that Rho-kinase activity is a potent regulator of neutrophil
trafficking in pancreatitis. Specific adhesion molecules regu-
late the recruitment process of leucocytes to extravascular
sites of inflammation (Kelly et al., 2007). Although the
detailed role of specific adhesion molecules in supporting
leucocyte recruitment in the pancreas is relatively unclear,
numerous studies have shown that Mac-1 is a dominating

molecule in mediating tissue infiltration of neutrophils (Asa-
duzzaman et al., 2008; Lee et al., 2009; Rahman et al., 2009).
In the present study, we found that taurocholate challenge
upregulated Mac-1 expression on neutrophils. Interestingly,
administration of Y-27632 markedly reduced surface levels of
Mac-1 on neutrophils, indicating that Rho-kinase signalling
contributes to neutrophil expression of Mac-1 in pancreatitis.
Moreover, this inhibitory effect on Mac-1 expression may also
help explain the inhibitory action of Y-27632 on neutrophil
accumulation in SAP observed herein. In addition, systemic
complications of SAP include pulmonary accumulation of
neutrophils (Sharif et al., 2009). Indeed, we observed that
lung MPO activity was clearly increased in taurocholate-
treated animals. Notably, inhibition of Rho-kinase function
clearly attenuated pulmonary MPO levels, indicating that
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Y-27632 protects against systemic activation and infiltration
of neutrophils in the lung. Considered together, these
findings suggest that Rho-kinase signalling regulates both
local and distant organ accumulation of neutrophils in acute
pancreatitis.

It is generally held that secreted chemokines are funda-
mental regulators of leucocyte activation and tissue naviga-
tion. CXC chemokines, such as MIP-2, are particularly potent
activators of neutrophils. It was, therefore, of great interest to
examine local formation of MIP-2 in the pancreas in this
study. We observed that taurocholate caused a clear-cut
increase in MIP-2 formation in the pancreas. It is interesting
to note that inhibition of Rho-kinase activity reduced
taurocholate-induced expression of MIP-2 by 84%. Indeed,
this marked attenuation of MIP-2 formation may account for
the inhibitory effect of Y-27632 on neutrophil expression of
Mac-1 as well as on the infiltration of neutrophils in the
pancreas and lung. However, these findings do not exclude
the possibility that Rho-kinase signalling also directly regu-
lates Mac-1 expression and migratory function in neutrophils.
For example, a previous study has reported that Rho-kinase
can coordinate chemoattractant-induced leucocyte migration
in vitro (Satoh et al., 2001). Moreover, it is valuable to note that
these findings do not exclude a potential role of other protein
kinases; p38 mitogen-activated protein kinase signalling has
also been shown to play a role in pancreatitis (Chen et al.,
2007). In general, MIP-2 effects are mediated through binding
to the CXC chemokine receptor 2 (CXCR2), which is the high
affinity receptor on murine neutrophils for MIP-2 (Cacalano
et al., 1994; Jones et al., 1997). Herein, we observed that tau-
rocholate challenge decreased CXCR2 expression on neutro-
phils, which is in line with other models of systemic
inflammation such as sepsis (Rios-Santos et al., 2007) and

trauma (Quaid et al., 1999). The reason behind the discrep-
ancy between decreased expression of CXCR2 on the one
hand and increased tissue migration of neutrophils on the
other is not known but may be related to a relative accumu-
lation of neutrophils with low levels of CXCR2 in the circu-
lation after vascular extravasation of neutrophils with higher
expression of CXCR2. Alternatively, there may be a time-
dependent component, that is, neutrophils exit the circula-
tion prior to the downregulation of CXCR2 in the remaining
population of neutrophils in the blood. Nonetheless, we
observed that administration of Y-27632 had no effect on
CXCR2 expression on neutrophils in pancreatitis, suggesting
that pancreatitis-associated CXCR2 shedding from the surface
of neutrophils is not related to Rho-kinase activity.

Taken together, our novel data show that inhibition of
Rho-kinase signalling ameliorates tissue damage in pancreati-
tis. Indeed, our findings show that Rho-kinase regulates
trypsinogen activation in pancreatitis and that interference
with Rho-kinase activity decreased MIP-2 formation, neutro-
phil activation (Mac-1 expression) and recruitment in the
pancreas. Thus, our results not only elucidate important sig-
nalling mechanisms in pancreatitis but also suggest that tar-
geting Rho-kinase activity may be a useful approach to
protect against pathological tissue damage in SAP.
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