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Results and discussion
Role of TLR2 and TLR4 in AP
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Abstract

Objective Neutrophil infiltration is a key regulator in the

pathophysiology of acute pancreatitis (AP), although the

impact of Toll-like receptors (TLRs) in AP remains elu-

sive. The aim of this study was to define the role of TLR2

and TLR4 in leukocyte recruitment and tissue damage in

severe AP.

Experimental design AP was induced by retrograde

infusion of sodium taurocholate into the pancreatic duct in

wild-type, TLR2- and TLR4-deficient mice. Samples were

collected 24 h after induction of AP.

Results Taurocholate challenge caused a clear-cut pan-

creatic damage characterized by increased acinar cell

necrosis, neutrophil infiltration, focal hemorrhage and

edema formation, as well as increased levels of blood amy-

lase and CXCL2 (macrophage inflammatory protein-2) in

the pancreas and serum. Moreover, challenge with tauro-

cholate increased activation of trypsinogen in the pancreas.

Notably, TLR2 gene-deficient mice exhibited a similar phe-

notype to wild-type mice after challenge with taurocholate.

In contrast, tissue damage, pancreatic and lung myeloper-

oxidase (MPO) activity, serum and pancreatic levels of

CXCL2 as well as blood amylase were significantly reduced

in TLR4-deficient mice exposed to taurocholate. However,

taurocholate-induced activation of trypsinogen was intact in

TLR4-deficient mice.

Conclusion Our data suggest a role for TLR4 but not

TLR2 in the pathogenesis of severe AP in mice.

Keywords Toll-like receptors � Amylase � Chemokines �
Inflammation � Neutrophils � Pancreatitis

Abbreviations

AP Acute pancreatitis

MPO Myeloperoxidase

MNL Monomorphonuclear leukocytes

PBS Phosphate-buffered saline

PMNL Polymorphonuclear leukocytes

RIA Radioimmunoassay

TAP Trypsinogen activation peptide

TLR Toll-like receptor

HPF High-power field

Introduction

The clinical presentation of acute pancreatitis (AP) ranges

from a mild edematous and local condition to a severe nec-

rotizing and systemic disease [1]. The treatment of AP is not

specific and is mainly restricted to supportive care, due to an

incomplete understanding of the basic mechanisms regulat-

ing the development of pancreatitis. AP is characterized by

activation of proteases and the innate immune system,

leading to massive infiltration of neutrophils and tissue

damage in the pancreas [2]. Activation and tissue

localization of neutrophils are orchestrated by secreted

CXC chemokines [3]. CXCL2 (macrophage inflammatory
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protein-2) is considered to be amajor stimulus for neutrophil

chemotaxis and has been demonstrated to regulate tissue

neutrophilia in AP [4]. The innate immune system is con-

trolled by specific families of pattern-recognizing proteins

with the capacity to bind certain pathogen- and host-derived

molecules [2, 5, 6]. The Toll-like receptor (TLR) family

constitutes 13 different receptors which are particularly

effective in recognizing molecules broadly shared by

pathogens but distinguishable fromhostmolecules [7, 8]. For

example, TLR4 is the primary signaling receptor for endo-

toxins from Gram-negative bacteria, whereas TLR2

recognizes bacterial lipoproteins and lipoteichoic acid from

Gram-positive bacteria [9]. Not only bacteria-derived com-

pounds may activate TLR2 and TLR4 but also endogenous

substances, such as heat shock proteins, which are potent

ligands of these TLRs and may play a role in AP [10]. TLR2

and TLR4 signaling can regulate several components in the

tissue response to injury, including inflammatory cell

recruitment, microvascular leakage and cellular apoptosis

[11, 12]. There is some data in the literature suggesting that

TLR4 may play a role in AP [13], although this is contro-

versial [14]. Interestingly, a recent study reported that

polymorphism in the TLR2 gene is associated with increased

susceptibility and severity of AP [15]. However, there is no

information on the potential functional role of TLR2 in the

pathophysiology of AP.

Based on the above considerations, the aim of this study

was to determine the role of TLR2 and TLR4 in activation

of innate immunity and tissue damage in AP.

Materials and methods

Animals

All experiments were done in accordance with the legis-

lation on the protection of animals and were approved by

the Regional Ethical Committee for animal experimenta-

tion at Lund University, Sweden. Wild-type C57BL/6 and

BALB/c mice were used. Breeder pairs of TLR2-deficient

(B6.129-Tlr2tm1Kir/J) and TLR4-deficient (C.C3-Tlr4LPS-d/J)

mice were purchased from Jaxmice (Sacramento, CA,

USA). All animals (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 lab-

oratory diet and given water ad libitum. Mice were

anesthetized by intraperitoneal (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) per 100 g body weight in

200 ll saline.

Experimental protocol

Through a small (1–2 cm) upper midline incision, the

second part of the duodenum and papilla of Vater were

identified (Electronic Supplementary Material Fig. 1).

Traction sutures (7–0 prolene) were placed 1 cm from

the papilla. Under microscopic observation, parallel to the

papilla of Vater at the duodeno-pancreatic junction on the

posterior surface of the duodenum, a small puncture was

made through the duodenal wall with a 23G needle. A non-

radiopaque polyethylene catheter (inner diameter

0.28 mm) connected to a micro infusion pump (CMA/100,

Carnegie Medicine, Stockholm, Sweden) was inserted

through the punctured hole in the duodenum and 1 mm into

the pancreatic duct. The common hepatic duct was iden-

tified at the liver hilum and clamped with a neurobulldog

clamp. Infusion of 10 ll of either 5% sodium taurocholate

(Sigma-Aldrich, St. Louis, MO, USA) or 0.9% sodium

chloride for 5 min at a rate of 2 ll/min was performed, and

after completion the catheter was withdrawn and the

common hepatic duct clamp was removed. The duodenal

puncture was closed with a 7–0 prolene suture, the traction

sutures were removed and the abdomen was closed in two

layers. Animals were allowed to wake up and were given

free access to food and water. Control mice received saline

into the pancreatic duct. All animals were killed 24 h after

pancreatitis induction and assessed for all parameters

included in this study in a blinded manner. Blood was

collected from the tail vein for systemic leukocyte differ-

ential counts and determination of blood amylase levels.

Blood samples were also collected from the inferior vena

cava for measurement of serum CXCL2. Pancreatic tissue

was removed and kept in two pieces; one piece was snap

frozen in liquid nitrogen for biochemical analysis of

myeloperoxidase (MPO), CXCL2 and trypsinogen activa-

tion peptide (TAP), and the other piece was fixed in

formalin for later histological analysis. Lung tissue was

harvested for MPO measurements.

Systemic leukocyte counts

Tail vein blood was mixed with Turk’s solution (0.2 mg

gentian violet in 1 ml glacial acetic acid, 6.25% v/v) in a

1:20 dilution. Leukocytes were identified as monomor-

phonuclear (MNLs) and polymorphonuclear (PMNLs)

cells in a Burker chamber.

Blood amylase

Amylase was quantified in blood with a commercially

available assay (Reflotron�, Roche Diagnostics GmbH,

Mannheim, Germany).
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MPO assay

Frozen pancreatic and lung tissue were pre-weighed and

homogenized in 1-ml mixture (4:1) with phosphate-buf-

fered saline (PBS) and aprotinin 10,000 kIE/ml

(Trasylol�, Bayer HealthCare AG, Leverkusen, Ger-

many) for 1 min. The homogenate was centrifuged

(15,339g, 10 min); the supernatant was stored at -20�C
and the pellet was used for MPO assay as previously

described [16]. 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, and put in a water bath at 60�C for 2 h,

after which the MPO activity of the supernatant was

measured. The enzyme activity was determined spectro-

photometrically 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 per gram tissue.

CXCL2 levels

Tissue levels of CXCL2 were determined in serum and

pancreatic tissue by using double-antibody Quantikine

enzyme-linked immunosorbent assay kits (R&D Systems

Europe, Abingdon, UK) using recombinant murine CXCL2

as standard. The minimal detectable protein concentration

is\0.5 pg/ml.

Histology

Pancreas samples were fixed in 4% formaldehyde phosphate

buffer overnight and then dehydrated and paraffin-embed-

ded. Six-micrometer sections were stained (hematoxylin

and eosin) and examined by light microscopy. The severity

of pancreatitis was evaluated in a blinded manner by use of a

pre-existing scoring system including edema, acinar cell

necrosis, hemorrhage and neutrophil infiltrate on a 0 (absent)

to 4 (extensive) scale as previously described [17] and

detailed in Table 1.

TAP levels

Trypsinogen is activated to trypsin in a reaction where TAP

is cleaved off and thus can be used as marker of trypsin-

ogen activation [18]. The radioimmunoassay (RIA) was

performed as described previously [19]. A 0.1-M Tris HCl

buffer (pH 7.5) containing 0.15 M NaCl, 0.005 M EDTA

and 2 g/L bovine serum albumin (Sigma-Aldrich) was used

as assay buffer. Samples of 100 ll diluted in assay buffer

were incubated (16 h, 4�C) with 200 ll of I125Tyr-TAP

(=20,000 counts per min) in assay buffer and 200 ll of
antiserum diluted 1/750 in assay buffer. Parallel incuba-

tions with synthetic 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 antibody precipitation.

Table 1 Histology scoring system

Score Edema Acinar necrosis Hemorrhage Leukocyte infiltration

0 Absent Absent Absent 0–1 intralobular or perivascular

leukocytes/HPF

0.5 Focal expansion of interlobar

septae

Focal occurrence of 1–4 necrotic cells/HPF 1 focus 2–5 intralobular or perivascular

leukocytes/HPF

1 Diffuse expansion of interlobar

septae

Diffuse occurrence of 1–4 necrotic cells/HPF 2 foci 6–10 intralobular or perivascular

leukocytes/HPF

1.5 Same as 1 ? focal expansion

of interlobular septae

Same as 1 ? focal occurrence of 5–10

necrotic cells/HPF

3 foci 11–15 intralobular or perivascular

leukocytes/HPF

2 Same as 1 ? diffuse expansion

of interlobular septae

Diffuse occurrence of 5–10 necrotic cells/HPF 4 foci 16–20 intralobular or perivascular

leukocytes/HPF

2.5 Same as 2 ? focal expansion

of interacinar septae

Same as 2 ? focal occurrence of 11–16 necrotic

cells/HPF

5 foci 21–25 intralobular or perivascular

leukocytes/HPF

3 Same as 2 ? diffuse expansion

of interacinar septae

Diffuse occurrence of 11–16 necrotic cells/HPF

(foci of confluent necrosis)

6 foci 26–30 intralobular or perivascular

leukocytes/HPF

3.5 Same as 3 ? focal expansion

of intercellular spaces

Same as 3 ? focal occurrence of[16 necrotic cells/

HPF

7 foci [30 leukocytes/HPF or focal

microabscesses

4 Same as 3 ? diffuse expansion

of intercellular spaces

[16 necrotic cells/HPF (extensive confluent

necrosis)

C8 foci [35 leukocytes/HPF or confluent

microabscesses

Histological scoring system as described by Schmit et al. (1992)

HPF high-power field
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For this, 100 ll of a cellulose coupled anti-mouse IgG

suspension (Sac-Cel�, IDS, Boldon, England) was added to

the samples. After 30 min of incubation, 1 ml of water was

added and the tubes were centrifuged (704g, 5 min, room

temperature). The supernatant was decanted and the

radioactivity of the precipitate was counted in a gamma

spectrophotometer (1 min).

Statistics

Data are presented as medians (ranges). Statistical evalu-

ations were performed by using non-parametrical tests

(Mann–Whitney). P\ 0.05 was considered significant and

n represents the number of animals.

Results

Role of TLR4 and TLR2 in AP

First, we determined the role of TLR4 in taurocholate-

induced AP. As shown in Table 2, we found that tauro-

cholate increased blood amylase more than 12-fold as

well as causing a clear-cut infiltration of leukocytes in the

pancreas and lung (Table 2). Moreover, taurocholate-

induced pancreatic injury elevated CXCL2 levels in the

pancreas and serum and caused significant acinar cell

necrosis, edema and hemorrhage (Table 2). TAP, a mar-

ker of trypsinogen activation, was also increased after

taurocholate challenge (Table 2). It was found that tau-

rocholate-induced blood amylase levels as well as

pancreatic and pulmonary activity of MPO were markedly

reduced in animals lacking TLR4 (Table 2). In addition,

taurocholate-induced formation of CXCL2 in the pancreas

and serum was reduced by 75% and 94%, respectively, in

TLR4 gene-deficient mice (Table 2). As shown in

Table 2, acinar cell necrosis, edema and hemorrhage

induced by challenge with taurocholate were significantly

decreased in TLR4-deficient mice, suggesting a role of

TLR4 in AP. We next examined the role of TLR2 in

taurocholate-induced AP. We observed that levels of

blood amylase, pancreatic and pulmonary MPO, pancre-

atic and serum CXCL2 as well as acinar cell necrosis,

edema and hemorrhage were not significantly different in

mice lacking TLR2 compared to wild-type controls

(Table 3). TAP is a marker of trypsinogen activation [18].

We found that challenge with taurocholate markedly

increased formation of TAP in the pancreas and that

generation of TAP was intact in both TLR2- and TLR4-

deficient animals (Tables 2 and 3). Moreover, there were

no significant differences in the numbers of mononuclear

and polymorphonuclear leukocytes in the blood of wild-

type, TLR2 and TLR4 gene-deficient animals receiving

taurocholate (data not shown).

Discussion

Accumulating data in the literature suggest that pattern-

recognizing receptors play a significant role in acute

inflammatory diseases [20, 21]. In the present study, we

observed that pancreatitis-associated amylase release,

neutrophil recruitment and tissue damage were greatly

decreased in animals lacking TLR4 whereas animals

lacking TLR2 were no different from wild-type animals.

Thus, our data suggest that TLR4 but not TLR2 signaling

Table 2 Role of TLR4 in taurocholate-induced pancreatitis

BALB/c ? saline

(n = 5)

BALB/c ? taurocholate

(n = 5)

TLR4 -/- ? taurocholate

(n = 4)

Blood amylase (lKat/L) 48 (37–59) 560 (490–690)# 138 (44–172)*

MPO in the pancreas (U/g) 0.8 (0.3–1.1) 2.5 (2.1–3.2)# 0.8 (0.2–1.8)*

MPO in the lung (U/g) 0.8 (0.2–1.2) 1.7 (1.4–5.1)# 0.6 (0.3–0.9)*

CXCL2 in the pancreas (pg/mg) 0.1 (0.04–1) 7.5 (5.1–12.7)# 2.2 (0.1–3)*

CXCL2 in the serum (pg/mL) 1.3 (0.2–2.8) 53.6 (7.5–190)# 3.2 (1.1–7.2)*

Acinar cell necrosis (score 0–4) 0.5 (0–0.5) 3.5 (3.5–4)# 1 (0.5–1.5)*

Neutrophil infiltration (score 0–4) 0.3 (0–0.5) 3.5 (3.5–4)# 1 (0.5–1.5)*

Edema (score 0–4) 0.5 (0.5–1) 3.3 (3–4)# 1.5 (1.5–2)*

Hemorrhage (score 0–4) 0.5 (0.5–1) 3.5 (3–3.5)# 1.5 (1–1.5)*

Pancreatic TAP (lg/g) 105 (11–210) 362 (209–776)# 245 (62–351)

Acute pancreatitis was induced by retrograde infusion of 10 ll sodium taurocholate (5%) into the pancreatic duct in BALB/c and TLR4 gene-

deficient (TLR4 -/-) mice. Control animals (BALB/c ? saline) underwent infusion of 10 ll saline into the pancreatic duct. Myeloperoxidase

(MPO), CXCL2 in pancreas and serum, acinar cell necrosis, edema and hemorrhage, as well as serum amylase, MPO in the lung and TAP in the

pancreas were determined 24 h after infusion. Values represent medians (ranges). # P\ 0.05 versus BALB/c ? saline and * P\ 0.05 versus

BALB/c ? taurocholate
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constitutes a key component in severe AP induced by ret-

rograde injection of taurocholate.

AP is characterized by enhanced proteolytic activation

triggering overwhelming tissue injury, which in turn may

provoke systemic inflammation and remote organ damage

[22]. Numerous investigations have identified pattern-rec-

ognizing receptors, such as TLRs, as key molecules

regulating pathological inflammation in both infectious and

non-infectious diseases [23–25]. In this context, it is

interesting to note that a recent investigation by Takagi

et al. [15] found that polymorphism in the TLR2 gene is

associated with enhanced risk and severity of AP. How-

ever, the outcome of AP may be species-specific, as the

study by Takagi et al. [15] was carried out in humans, and

we are investigating the role of TLR2 in mice. Thus, we

considered it important to examine the potential functional

role of TLR2 in AP in mice. In the present study, we found

that the taurocholate-induced increases in blood amylase,

acinar cell injury and tissue edema in the pancreas were

similar in TLR2-deficient and wild-type mice. These

findings suggest that TLR2 does not play an important role

in severe AP induced by retrograde injection of taurocho-

late. In contrast, it was observed that the taurocholate-

provoked elevation of blood amylase, acinar cell damage

and tissue edema in the pancreas were markedly attenuated

in TLR4 gene-deficient mice, suggesting that TLR4 func-

tion regulates cell and tissue damage in AP. The literature

on the role of TLR4 in pancreatitis is complex and partly

contradictory. For example, some studies have reported a

role of TLR4 in AP induced by cerulein and L-arginine [13,

26]. Others have shown that TLR4 had no effect on the

severity of pancreatitis and pancreatitis-associated lung

damage in cerulein-induced AP [14]. In addition, Sawa

et al. [27] reported that TLR4 deficiency had no effect on

pancreatic damage, but reduced liver and kidney injury in

closed duodenal loop-induced AP. These discrepancies

may be related to differences in species used, severity of

pancreatitis and methods to induce pancreatitis, but our

data demonstrate that TLR4 plays a role, at least, in the

development of severe AP after initial pancreatic injury.

Convincing data in the literature shows that neutrophil-

mediated tissue injury is a key feature in AP. Thus, several

studies have reported that depletion of neutrophils

decreases tissue injury in AP [22, 28]. Here, we observed

that taurocholate-induced increases in MPO activity in the

pancreas and lung as well as the neutrophil chemoattractant

CXCL2 in the pancreas and serum were significantly

decreased in TLR4 but not TLR2 gene-targeted mice, which

parallel the changes in tissue damage discussed above and

are in line with a critical role of neutrophils in AP.

Moreover, we found that pancreatitis-associated trypsino-

gen activation, i.e., increases in TAP levels in the pancreas,

were not reduced in TLR2 or TLR4 gene-deficient animals.

Thus, these findings suggest that TLR4-mediated inflam-

mation and tissue damage in AP is an event downstream of

proteolytic activation in acinar cells.

Taken together, our data suggest that TLR4 but not

TLR2 regulates chemokine formation, neutrophil recruit-

ment and tissue damage in severe AP. Thus, we suggest

that targeting the function or signaling pathways of TLR4

but not TLR2 may provide a useful therapeutic option

against pathological inflammation in AP.
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BACKGROUND AND PURPOSE
Leucocyte infiltration is a rate-limiting step in the pathophysiology of acute pancreatitis (AP) although the adhesive
mechanisms supporting leucocyte-endothelium interactions in the pancreas remain elusive. The aim of this study was to
define the role of lymphocyte function antigen-1 (LFA-1) in regulating neutrophil-endothelium interactions and tissue
damage in severe AP.

EXPERIMENTAL APPROACH
Pancreatitis was induced by retrograde infusion of sodium taurocholate into the pancreatic duct in mice. LFA-1 gene-targeted
mice and an antibody directed against LFA-1 were used to define the role of LFA-1.

KEY RESULTS
Taurocholate challenge caused a clear-cut increase in serum amylase, neutrophil infiltration, CXCL2 (macrophage
inflammatory protein-2) formation, trypsinogen activation and tissue damage in the pancreas. Inhibition of LFA-1 function
markedly reduced taurocholate-induced amylase levels, accumulation of neutrophils, production of CXC chemokines and
tissue damage in the pancreas. Notably, intravital microscopy revealed that inhibition of LFA-1 abolished taurocholate-induced
leucocyte adhesion in postcapillary venules of the pancreas. In addition, pulmonary infiltration of neutrophils was attenuated
by inhibition of LFA-1 in mice challenged with taurocholate. However, interference with LFA-1 had no effect on
taurocholate-induced activation of trypsinogen in the pancreas.

CONCLUSIONS AND IMPLICATIONS
Our novel data suggest that LFA-1 plays a key role in regulating neutrophil recruitment, CXCL2 formation and tissue injury in
the pancreas. Moreover, these results suggest that LFA-1-mediated inflammation is a downstream component of trypsinogen
activation in the pathophysiology of AP. Thus, we conclude that targeting LFA-1 may be a useful approach to protect against
pathological inflammation in the pancreas.

Abbreviations
AP, acute pancreatitis; MNL, monomorphonuclear leucocytes; MPO, myeloperoxidase; PMNL, polymorphonuclear
leucocytes; RIA, radioimmunoassay; ROS, reactive oxygen species; TAP, trypsinogen activation peptide

Introduction
The clinical presentation of acute pancreatitis (AP) ranges
from a mild and local condition to a severe and systemic

disease (Van Laethem et al., 1998). Despite significant inves-
tigative efforts specific therapy is not yet available and treat-
ment of patients with AP is largely limited to supportive care,
which is related to an incomplete understating of the basic
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pathophysiology. It is widely held that protease activation,
inflammation and impaired microvascular perfusion
are involved in the pathophysiology of pancreatitis (Wang
et al., 2009; Zhang et al., 2009) although their interrelation-
ships are not well understood. For example, it is not known
whether activation of trypsinogen into trypsin in the pan-
creas is dependent on neutrophil infiltration in the pancreas
or not.

Infiltration of neutrophils represents a hallmark in AP
(Gukovskaya et al., 2002). Secreted chemokines coordinate
leucocyte migration to sites of tissue damage. For example,
CXCL2 (macrophage inflammatory protein-2) is a potent
neutrophil attractant and one previous study reported that
CXCL2 plays an important role in AP (Pastor et al., 2003).
Moreover, CXCR2 is the main receptor of CXCL2 and it has
been shown that inhibition of CXCR2 protects against AP
(Bhatia and Hegde, 2007). In general, leucocyte extravasa-
tion is a multistep process including initial rolling along
activated endothelial cells followed by firm adhesion and
transmigration (Månsson et al., 2000; Riaz et al., 2002). The
interactions between leucocytes and endothelium are medi-
ated by specific adhesion molecules of the selectin and inte-
grin families (Butcher, 1991). Numerous studies have shown
that leucocyte rolling is supported by P-, E- and L-selectins
(Thorlacius et al., 1994; Ridger et al., 2005). Stationary adhe-
sion of leucocytes to the microvascular endothelium is
mainly mediated by a group of heterodimeric molecules
referred to as b2-integrins, such as lymphocyte function
antigen-1 (LFA-1; CD11a/CD18), membrane-activated
complex-1 (Mac-1; CD11b/CD18) and p150,95 (CD11c/
CD18). The literature is rather complex and partly contra-
dictory with respect to the function of individual
b2-integrins in leucocyte adhesion, and the relative impor-
tance of specific b2-integrins appears to vary depending on
the type of inflammatory stimulus and experimental model
(Argenbright et al., 1991; Issekutz and Issekutz, 1992; Rutter
et al., 1994; Issekutz, 1995). Notably, by use of LFA-1 gene-
targeted mice, we and others have demonstrated that LFA-1
plays an important role in supporting firm leucocyte adhe-
sion in striated muscles (Thorlacius et al., 2000; Dunne et al.,
2002), peritoneum (Schmits et al., 1996; Lu et al., 1997), skin
(Schramm et al., 2002), colon (Riaz et al., 2002) and liver (Li
et al., 2004; Dold et al., 2008). Nonetheless, the importance
of b2-integrins for leucocyte recruitment and tissue damage
in the pancreas is not known.

Based on these considerations, the aim of this study was
to examine the role of LFA-1 in regulating recruitment of
neutrophils and tissue damage in the pancreas. In addition,
we wanted to determine the impact of inhibiting pancreatic
infiltration of neutrophils on protease activation in AP. For
this purpose, we used a mouse model of AP based on retro-
grade infusion of taurocholate into the pancreatic duct.

Methods

Animals
All experiments were done in accordance with the legisla-
tion on the protection of animals and were approved by
the Regional Ethical Committee for animal experimentation

at Lund University, Sweden. Fifty C57BL/6 wild-type and 10
LFA-1 gene-targeted male 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 Pharma-
ceutica, Beerse, Belgium) per 100 g body weight in 200 mL
saline.

Taurocholate-induced AP
Through a small (1–2 cm) upper midline incision, the second
part of duodenum and papilla of Vater were identified. Trac-
tion sutures (7–0 prolene) were placed one cm from the
papilla. Parallel to the papilla of Vater a small puncture was
made through the duodenal wall with a 23 G needle. A non-
radiopaque polyethylene catheter (ID 0.28 mm) connected to
a micro infusion pump (CMA/100, Carnegie Medicin, Stock-
holm, Sweden) was inserted through the punctured hole in
the duodenum and one mm into the common bile duct. The
common hepatic duct was identified at the liver hilum and
clamped with a neurobulldog clamp. Infusion of 10 mL of
either 5% sodium taurocholate (Sigma-aldrich, USA) or 0.9%
sodium chloride (n = 5) for 5 min was performed and after
completion, the catheter was withdrawn and the common
hepatic duct clamp was removed. The duodenal puncture was
closed with a purse-string suture (7–0 monofilament). The
traction sutures were removed and the abdomen was closed
in two layers. Animals were allowed to wake up and were
given free access to food and water. Sham operated animals
underwent the same procedure without any infusion into the
pancreas (n = 5). Control (5 mg·g-1, rat IgG2a, eBioscience, San
Diego, CA, USA) antibody (n = 5) or purified anti-mouse
LFA-1 antibody (5 mg·g-1, clone M17/4, rat IgG2a, n = 5, eBio-
science, San Diego, CA, USA) was administered i.p. prior to
bile duct cannulation. This dose and scheme of administra-
tion of the anti-mouse LFA-1 antibody was based on a previ-
ous investigation (Asaduzzaman et al., 2008). In addition,
LFA-1 gene-deficient (n = 5) and wild-type (n = 5) mice were
also challenged with 10 mL of 5% sodium taurocholate.
All animals were killed 24 h after pancreatitis induction
and assessed for all parameters included in this study. Blood
was collected from the tail vein for systemic leucocyte differ-
ential counts. Blood samples were also collected from the
inferior vena cava for determination of serum amylase levels
and measurements of serum CXCL2. Pancreatic tissue was
removed and kept in two pieces; one piece was snap frozen in
liquid nitrogen for biochemical analysis of myeloperoxidase
(MPO), CXCL2 and trypsinogen activation peptide (TAP)
and the other piece was fixed in formalin for later histological
analysis. Lung tissue was also harvested for MPO
measurements.

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
and polymorphonuclear cells in a Burker chamber.
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Serum amylase
Amylase was quantified in serum with a commercially
available assay (Reflotron®, Roche Diagnostics GmbH,
Mannheim, Germany).

MPO assay
Frozen pancreatic and lung tissue were pre-weighed and
homogenized in 1-mL mixture (4:1) of PBS and aprotinin
10 000 KIE·mL-1 (Trasylol®, Bayer HealthCare AG,
Leverkusen, Germany) for 1 min. The homogenate was cen-
trifuged (153 39¥ 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 60°C for 2 h, after which
the MPO activity of the supernatant was measured. The
enzyme activity was determined spectrophotometrically as
the MPO-catalysed change in absorbance in the redox reac-
tion of H2O2 (450 nm, with a reference filter 540 nm, 25°C).
Values are expressed as MPO units·g-1 tissue.

Flow cytometry
Blood was collected (1:10 acid citrate dextrose) from wild-
type and LFA-1 gene-targeted mice. To block Fcg III/II recep-
tors and reduce non-specific labelling samples were incubated
with an anti-CD16/CD32 for 5 min. Then samples were
stained with a PE-conjugated anti-Gr-1 (clone RB6-8C5,
eBioscience, San Diego, CA, USA) antibody and with a FITC-
conjugated anti-LFA-1 (clone 2D7, BD Biosciences Pharmin-
gen, San Jose, CA) antibody at 4°C for 30 min. Erythrocytes
were lysed and Cells were fixed. Cells were recovered follow-
ing centrifugation before being analysed with a FACSCalibur
flow cytometer (Becton Dickinson, Mountain View, CA,
USA). A viable gate was used to exclude dead and fragmented
cells. After gating the neutrophil population based on
forward and side scatter characteristics, LFA-1 expression was
determined on cells positive for Gr-1, which is a neutrophil
marker.

CXCL2 levels
Tissue levels of CXCL2 were determined in serum and pan-
creatic tissue by using double-antibody Quantikine enzyme
linked immunosorbent assay kits (R & D Systems Europe,
Abingdon, UK) using recombinant murine CXCL2 as stan-
dard. 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 micrometre 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 pre-existing scoring system including oedema, acinar cell
necrosis, haemorrhage and neutrophil infiltrate on a 0
(absent) to four (extensive) scale as previously described in
detail (Schmidt et al., 1992).

TAP levels
Trypsinogen is activated to trypsin in a reaction where TAP is
cleaved off and thus can be used as marker of trypsinogen
activation (Chen et al., 2003). The 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 I 125Tyr-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 peptides TAP1 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 antibody 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 centri-
fuged (704¥ g, 5 min, room temperature). The supernatant
was decanted and radioactivity of the precipitate was counted
in a g-spectrophotometer (1 min).

Reverse-transcription polymerase
chain reaction
Total RNA was extracted from the blood samples of the
knockout mice and wild-type mice using RNeasy Mini-kit
(Qiagen Gmbh, Hilden, Germany) and treated with RNease-
free DNease (Amersham Pharmacia Biotech AB, Sollentuna,
Sweden) to remove potential genomic DNA contaminants
according to manufacturer’s handbook. RNA concentrations
were determined by measuring the absorbance at 260 nm
spectrophotometrically. Reverse-transcription polymerase
chain reaction (RT-PCR) was performed with Superscript One-
Step RT-PCR system (Gibco BRL Life Technologies, Grand
Islands, NY). The RT-PCR profile was one cycle of cDNA
synthesis at 50°C for 30 min, followed by 35 cycles of dena-
turation at 94°C for 30 s, annealing at 55°C for 30 s and
extension at 72°C for 10 min. After RT-PCR, aliquots of the
RT-PCR products were separated on 2% agarose gel contain-
ing ethidium bromide and photographed. The primers
sequences were as follows: CD11a (f) 5′-AGA TCG AGT CCG
GAC CCA CAG-3′, CD11a (r) 5′-GGC AGT GAT AGA GGC
CTC CCG-3′, b-actin (f) 5′-ATG TTT GAG ACC TTC AAC
ACC-3′, b-actin (r) 5′-TCT CCA GGG AGG AAG AGG AT-3′.
b-Actin served as a house keeping gene to control for the
loading amount of cDNA.

Intravital microscopy
A 5-min equilibration time was allowed before analysis of
leucocyte rolling and adhesion was performed in postcapil-
lary venules (19–51 mm) in the pancreas. Contrast enhance-
ment by i.v. injection of fluorescein isothiocyanate-labelled
dextran 150 000 (0.05 mL, 5 mg·mL-1, Sigma Chemical Co.)
and in vivo labelling of leucocytes with rhodamine 6 G
(0.1 mL, 0.5 mg·mL-1, Sigma Chemical Co.) enabled analysis
of leucocyte–endothelium interactions in the microvascular
bed. For observations of the microcirculation, we used a
modified Olympus microscope (BX50WI, Olympus Optical
Co. GmbH, Hamburg, Germany) and recorded videos on a
computer for later off-line analysis of leucocyte-endothelium
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interactions. Twenty-five C57BL/6 wild-type and five LFA-1
gene-targeted male mice were used, two to six postcapillary
venules were evaluated in each animal and leucocyte rolling
was measured by counting the number of cells rolling along
the endothelial lining for 20 s and is expressed as cells·min-1.
Leucocyte adhesion was measured by counting the number of
cells that adhered and remained stationary for more than 30 s
during the observation time and is expressed as cells·mm-2.
Certain animals received an anti-P-selectin antibody (40 mg,
i.v., clone RB40.34, BD Biosciences Pharmingen) immediately
before capturing microphotographs of the postcapillary
venules in the pancreas in order to abolish leucocyte rolling
and thereby enable visualization of the remaining leucocytes
that were firmly adherent to the endothelium.

Statistics
Data are presented as mean values � SEM. Statistical
evaluations were performed by using non-parametrical tests
(Mann–Whitney). P < 0.05 was considered significant and n
represents the number of animals.

Results

Role of LFA-1 in taurocholate-induced tissue
damage in the pancreas
First, we examined LFA-1 expression at the mRNA and
protein level in the LFA-1 gene-targeted mice used herein and
found that these animals completely lacked LFA-1 (Figure S1).
Retrograde infusion of sodium taurocholate into the pancre-
atic duct enhanced serum amylase levels by nearly 16-fold
(Figure 1). Taurocholate-induced serum levels of amylase

were reduced by more than 70% in LFA-1-deficient animals
and in mice treated with an antibody against LFA-1
(Figure 1). Tissue damage was evaluated by quantification of
acinar cell necrosis, oedema formation and haemorrhage in
the pancreas. Taurocholate-induced acinar cell necrosis,
oedema formation and interstitial haemorrhage were mark-
edly attenuated in LFA-1 gene-targeted animals and in mice
treated with the anti-LFA-1 antibody (Figure 2). Moreover,
morphological examination of the pancreas revealed normal
microstructure in control animals, whereas taurocholate
challenge caused severe destruction of the pancreatic tissue
structure characterized by extensive cell necrosis, oedema
and massive infiltration of neutrophils (Figure 3). However,
the structure of the pancreas was protected in LFA-1-deficent
and in anti-LFA-1 antibody-treated mice challenged with tau-
rocholate (Figure 3).

Role of LFA-1 in taurocholate-induced
neutrophil recruitment in the pancreas
Levels of MPO, a neutrophil indicator, in the pancreas peaked
24 h after taurocholate challenge (21-fold increase). Pancre-
atic MPO activity was reduced by more than 80% in LFA-1
gene-targeted mice and in animals receiving the anti-LFA-1
antibody (Figure 4A). Similarly, histological quantification
of taurocholate-provoked neutrophil infiltration revealed
markedly reduced numbers of pancreatic neutrophils in
LFA-1-deficient and in anti-LFA-1 antibody-treated mice
(Figure 2C). Systemic inflammation such as pulmonary infil-
tration of neutrophils is a central feature of severe AP. Chal-
lenge with taurocholate provoked a clear-cut increase in MPO
activity in the lung (Figure 4B). Taurocholate-induced pulmo-
nary levels of MPO were markedly reduced in LFA-1-deficient
animals and in mice treated with an antibody against LFA-1
(Figure 4B). We used intravital microscopy of the pancreatic
microcirculation in order to study the role of LFA-1 in
leucocyte-endothelium interactions in AP. Taurocholate chal-
lenge triggered a clear-cut increase in leucocyte-endothelium
interactions in the pancreas (Figure 5 and Video S1A,B). It
was found that taurocholate challenge increased leucocyte
rolling and adhesion by threefold and sevenfold respectively,
in postcapillary venules of the pancreas (Figure 5C,D).
Notably administration of taurocholate did not enhance leu-
cocyte interactions or trapping in the pancreatic capillaries
(Video S2). Inhibition of LFA-1 function did not reduce
taurocholate-induced leucocyte rolling (Figure 5C and Video
S1B). In contrast, it was observed that taurocholate-induced
leucocyte adhesion was decreased by 61% in animals treated
with the anti-LFA-1 antibody (Figure 5D). Moreover, the
number of firmly adherent leucocytes in taurocholate-treated
mice deficient in LFA-1 was reduced by 75% (Figure 5D and
Video S1B). We found also that the number of circulating
mononuclear leucocytes and neutrophils increased in severe
AP, indicating systemic activation in this model (Table 1).

Role of LFA-1 in taurocholate-induced
chemokine formation in the pancreas
and serum
At baseline levels of CXCL2 in the pancreas were 0.2 ng·pg-1.
Administration of taurocholate caused a 13-fold and
eightfold increase in the levels of CXCL2 in the pancreas
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Figure 1
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antigen-1 (LFA-1)-deficient mice. Pancreatitis was induced by infu-
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or an Ab against LFA-1 prior to pancreatitis induction. Blood samples
were obtained 24 h after induction of pancreatitis. Data represent
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versus WT and *P < 0.05 versus control Ab.
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(Figure 6A) and serum (Figure 6B) respectively. It was
observed that immunoneutralization of LFA-1 decreased
taurocholate-induced production of CXCL2 in the pancreas
by 64% (Figure 6A). Also, we found that taurocholate-
provoked formation in the serum was reduced by 63% in
LFA-1-deficient animals (Figure 6B).

Role of LFA-1 in taurocholate-induced
protease activation in the pancreas
Trypsinogen activation into trypsin was determined by mea-
suring pancreatic levels of TAP. Taurocholate administration
significantly enhanced trypsinogen activation reflected by a
more than twofold increase in TAP levels in the pancreas
(Figure 7). However, it was observed that taurocholate-
induced activation of trypsinogen was not changed in LFA-1
gene-targeted animals (P > 0.05 vs. wild-type, Figure 7) or in

mice treated with the anti-LFA-1 antibody (P > 0.05 vs.
control antibody, Figure 7).

Discussion and conclusions

This study documents an important role of LFA-1 in AP. Our
findings show that LFA-1 is a key regulator of neutrophil
infiltration into the pancreas by regulating firm adhesion in
postcapillary venules. Interference with LFA-1 not only
decreased adhesion and recruitment of neutrophils but also
protected against tissue damage in AP. However, these data
show that trypsinogen activation into trypsin is not appar-
ently dependent on LFA-1 in AP, suggesting that LFA-1-
mediated inflammation is a downstream component of
protease activation in the pathophysiology of AP. Taken
together; these novel results indicate that targeting LFA-1
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Taurocholate-induced tissue damage in the pancreas. (A) Acinar cell necrosis (B) oedema formation (C) infiltration of neutrophils in the pancreas
and (D) haemorrhage. Control mice received saline alone. Certain mice received a control antibody (Ab) or an Ab against LFA-1 prior to
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may be an effective approach to ameliorate pathological
inflammation in AP.

It is well recognized that leucocyte recruitment is a fun-
damental feature in inflammatory diseases. Numerous
mechanisms of neutrophil-mediated tissue injury have been
forwarded. For example, neutrophils are potent producers of
reactive oxygen species (ROS), such as hydroxyl radicals and
superoxide, which can exert harmful effects on tissue and
endothelial cells in the pancreas (Mossman, 2003). Indeed,
several studies have demonstrated that depletion of neutro-
phils protects against tissue injury in AP (Frossard et al., 1999;
Gukovskaya et al., 2002). LFA-1 has been shown to mediate
neutrophil adhesion and tissue recruitment (Ding et al., 1999;
Thorlacius et al., 2000) but the role of LFA-1 in AP is not
known. Our data show that LFA-1-deficient mice exhibited
significantly reduced acinar cell necrosis, tissue oedema and
haemorrhage as well as serum amylase, indicating that LFA-1

plays an important role in mediating organ damage in AP.
This notion was confirmed by our findings that immunon-
eutralization of LFA-1 markedly decreased taurocholate-
induced pancreatic tissue destruction and serum amylase
levels. Thus, these data suggest for the first time that LFA-1 is
a key regulator of pancreatic injury in AP. This adds AP to the
list of conditions in which LFA-1 has turned out to be a
significant target; these include septic and cholestatic liver
injury (Li et al., 2004; Dold et al., 2008), alcoholic liver disease
(Ohki et al., 1998), viral hepatitis (Matsumoto et al., 2002),
endotoxaemia (Li et al., 2004), graft-versus-host disease
(Kimura et al., 1996; Sato et al., 2006) and colonic ischaemia-
reperfusion (Wan et al., 2003). In this context, it should be
mentioned that a previous study reported that depletion of
neutrophils increases pancreatic haemorrhage in response
to taurocholate challenge (Ryschich et al., 2009), suggesting
that leucocytes protect against haemorrhage in AP. This is in
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Figure 3
Representative haematoxylin & eosin sections of the pancreas from wild-type (WT) of (A) sham (B) saline infused to the pancreas (C) pancreatitis
(D) lymphocyte function antigen-1 (LFA-1)-deficient mice with pancreatitis (E) control antibody (Ab) with pancreatitis and (F) anti-LFA-1 Ab with
pancreatitis. Pancreatitis was induced by infusion sodium taurocholate into the pancreatic duct. Control mice received saline alone. Certain mice
received a control Ab or an Ab against LFA-1 prior to pancreatitis induction. Samples were obtained 24 h after induction of pancreatitis. Bars
represent 100 mm.
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contrast to previous studies showing that neutrophil deple-
tion reduces tissue damage in AP (Weiss, 1989; Gukovskaya
et al., 2002) and we have also recently depleted mice of neu-
trophils and found no signs of increased haemorrhage but
instead a clear-cut decrease in taurocholate-induced haemor-
rhage in the pancreas, suggesting that neutrophils do not

protect against tissue haemorrhage in AP (data not shown). In
fact, this notion is also supported by our present findings
showing that inhibition of neutrophil accumulation in
the pancreas by targeting LFA-1 function also reduced
taurocholate-induced haemorrhage in the pancreas.

The extravasation of leucocytes is a multistep process
supported by a sequential engagement of adhesive receptors,
such as selectins and integrins (Butcher, 1991). Although the
function of these receptors has been extensively studied in
certain organs, the role of specific adhesion molecules in
pancreatic infiltration of leucocytes is virtually unknown. Two
previous studies have reported that LFA-1 expression is
increased on the surface of circulating neutrophils in pancre-
atitis (Sun et al., 2006; 2007). We have extended these obser-
vations and demonstrated herein that genetic deficiency or
functional inhibition of LFA-1 greatly reduces pancreatic infil-
tration of neutrophils, suggesting that LFA-1 mediate tissue
accumulation of neutrophils in AP. This finding is also sup-
ported by a previous study showing that chemoattractant-
induced leucocyte recruitment in the pancreas is mediated by
LFA-1 (Ryschich et al., 2009). By use of intravital microscopy,
we could document a direct and dominating role of LFA-1 in
supporting firm adhesion of leucocytes in the postcapillary
venules of the microcirculation in AP. Systemic depletion of
neutrophils abolished leucocyte-endothelium interactions in
the pancreas, suggesting that neutrophils constitute the main
leucocyte subtype interacting with the microvascular endot-
helium in AP (not shown). Although our findings show that
LFA-1 is the predominant adhesion molecule supporting
pancreatic adhesion and infiltration of neutrophils, these
data do not exclude the possibility that other b2-integrins may
also be important in AP. For example, Hentzen et al. (2000)
have shown that Mac-1 and LFA-1 cooperate for optimal
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Figure 4
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Table 1
Systemic leucocyte differential counts

PMNL MNL Total

WT: sham 0.8 � 0.1 4.5 � 0.1 5.3 � 0.2

WT: saline 0.8 � 0.1 4.6 � 0.1 5.4 � 0.2

WT: taurocholate 1.8 � 0.2¤ 6.7 � 0.6¤ 8.5 � 0.8¤

LFA-1-deficient:
taurocholate

3.9 � 0.4 11.8 � 0.3 15.7 � 0.7

WT + control Ab:
taurocholate

1.9 � 0.1 5.9 � 0.1 7.8 � 0.2

WT + anti-LFA-1 Ab:
taurocholate

1.3 � 0.3 6.4 � 0.1 7.7 � 0.4

Blood samples were collected from wild-type (WT) and lympho-
cyte function antigen-1 (LFA-1) gene-targeted mice. Pancreatitis
was induced by infusion of sodium taurocholate into the pan-
creatic duct. Control mice received saline alone. Certain mice
received a control antibody (Ab) or an Ab against LFA-1 prior to
pancreatitis induction. Samples were obtained 24 h after induc-
tion of pancreatitis. Cells were identified as monomorpho-
nuclear leucocytes (MNL) and polymorphonuclear leucocytes
(PMNL). Data represent means � SEM, 106 cells·mL-1 and n = 5.
¤P < 0.05 versus saline control.
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recruitment of inflammatory cells, that is, LFA-1 initiates first
stable contact and Mac-1 establishes a more sustainable adhe-
sion onto the endothelium of inflamed organs. In this context,
it is interesting to note that one previous study has reported
that inhibition of LFA-1 decreases neutrophil formation of
ROS in AP (Inoue et al., 1996). Thus, considered collectively,
these data suggest that LFA-1 may be of importance at several
steps in the pathophysiology of AP, including both tissue
leucocyte recruitment and ROS-mediated organ damage. Acti-
vation and extravascular navigation of neutrophils are orches-
trated by secreted CXC chemokines, such as CXCL2 (Bacon
and Oppenheim, 1998). In the present study, we found that
both pancreatic and systemic levels of CXCL2 were markedly
enhanced after taurocholate challenge. Interestingly,
taurocholate-induced formation of CXCL2 was significantly
decreased in LFA-1-deficient animals. Similarly, inhibition of
LFA-1 function also attenuated tissue formation of CXCL2 in

AP. These observations are somewhat surprising considering
that CXC chemokines are largely secreted by cells resident in
the tissue of the pancreas (Bradley et al., 1999). Nonetheless,
our findings indicate that LFA-1 exerts an early feature in the
pathophysiology of pancreatitis upstream of CXC chemokine
formation. Thus, our data suggest that LFA-1-mediated func-
tions regulate subsequent formation of CXCL2 in AP. The link
between LFA-1 function and CXCL2 production is speculative
but may be related to pro-inflammatory compounds secreted
from activated leucocytes, which in turn may activate tissue-
resident cells in the pancreas. For example, LFA-1-depedent
formation of ROS may be involved as ROS have been shown to
have the capacity to stimulate chemokine formation (Riaz
et al., 2003; Kina et al., 2009).

Inflammation and trypsinogen activation are recognized
as central components in the pathophysiology of AP.
However, the relationship between neutrophil recruitment on
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one hand and protease activation on the other hand in the
pancreas is not known. Since we found that LFA-1 was an
important regulator of pancreatic infiltration of neutrophils,
we next asked whether LFA-1 controls activation of trypsino-
gen into trypsin, which is associated with the formation of

TAP. Notably, a previous investigation has shown that levels of
TAP correlate with disease severity in the early phases of AP
(Frossard, 2001). Indeed, we observed that taurocholate chal-
lenge markedly increased the levels of TAP in the pancreas.
However, taurocholate-induced levels of TAP were not altered
in LFA-1 gene-targeted animals or in mice treated with a
blocking antibody directed against LFA-1. These findings indi-
cate that trypsinogen activation is independent of LFA-1-
mediated neutrophil accumulation in the pancreas. Thus,
pancreatic infiltration of neutrophils seems not to be a pre-
condition for protease activation in AP. Whether neutrophils
may exert intravascular functions, such as secretion of pro-
inflammatory compounds, which may trigger intrapancreatic
activation of trypsinogen cannot be excluded by our present
findings. It should be noted that trypsin is a potent activator
of proteinase-activated receptor-2 (PAR2), which is a
7-transmembrane G-protein-coupled receptor expressed by
pancreatic acinar and ductal cells (Nguyen et al., 1999). A
recent study reported that taurocholate-triggered calcium
transients, kinase activation and acinar cell injury is markedly
reduced in isolated pancreatic acini from PAR2 gene-deficient
mice, suggesting that PAR2 activation may support acinar cell
damage in AP (Laukkarinen et al., 2008). Whether trypsin-
mediated activation of PAR2 may explain LFA-1-independent
effects, such as trypsinogen activation, in the present study is
a matter of future studies. Nonetheless, considering that acti-
vation of trypsinogen seems to be an early process, neutrophil
recruitment and inflammation in the pancreas persists longer
and targeting LFA-1 might be a more favourable strategy for
specific therapeutic interventions (Regnér et al., 2008).

In conclusion, our novel data demonstrate not only that
neutrophil adhesion and infiltration in AP are mediated
by LFA-1 but also that LFA-1-dependant recruitment of
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Figure 7
Trypsinogen activation peptide (TAP) levels (mg·g-1 pancreatic tissue)
in wild-type (WT) and lymphocyte function antigen-1 (LFA-1)-
deficient mice. Pancreatitis was induced by infusion of sodium tau-
rocholate into the pancreatic duct. Control mice received saline
alone. Certain mice received a control antibody (Ab) or an Ab against
LFA-1 prior to pancreatitis induction. Samples were obtained 24 h
after induction of pancreatitis. Data represent means � SEM and
n = 5. ¤P < 0.05 versus saline control.
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neutrophils regulates tissue damage in the pancreas. In addi-
tion, these findings also indicate that trypsinogen activation is
independent of LFA-1-mediated neutrophil accumulation in
the pancreas. Taken together, we conclude that LFA-1 may be
a useful target to antagonize pathological inflammation in AP.
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Abstract 
Matrix metalloproteinases (MMPs) are 
generally considered to regulate 
degradation and remodeling of the 
extracellular matrix. Convincing data also 
implicate a role for MMPs in inflammatory 
conditions, such as acute pancreatitis (AP), 
although the mechanisms are not known. 
The aim of this study was to define the role 
of MMPs in regulating activation of 
trypsinogen and tissue damage in AP. AP 
was induced by infusion of taurocholate 
into the pancreatic duct in mice. A broad-
spectrum MMP inhibitor (BB-94) and 
MMP-9 gene-deficient mice were used. 
Neutrophil secretions and recombinant 
MMP-9 were used to stimulate trypsinogen 
activation in isolated acinar cells. 
Taurocholate challenge increased serum 
amylase, neutrophil infiltration, 
macrophage inflammatory protein-2 
(CXCL2) formation, trypsinogen 
activation and tissue damage in the 
pancreas. Treatment with the broad 
spectrum inhibitor of MMPs BB-94 
markedly reduced activation of 
trypsinogen, levels of CXCL2, infiltration 
of neutrophils and tissue damage in AP. 
Taurocholate challenge increased serum 
levels of MMP-9 but not MMP-2. 
Taurocholate-induced amylase levels, 
neutrophil accumulation, production of 
CXCL2, trypsinogen activation and tissue 
damage in the pancreas were abolished in 
MMP-9-deficient mice. Moreover, 
secretions from activated neutrophils 
isolated from wild-type but not from 
MMP-9-deficient animals stimulated 
trypsinogen activation in acinar cells. 
Notably, recombinant MMP-9 greatly 
enhanced activation of trypsinogen in 
acinar cells. These findings demonstrate 
that neutrophil-derived MMP-9 is a potent 
activator of trypsinogen in acinar cells and 
regulates pathological inflammation and 
tissue damage in AP. 
 

Based on the findings, this manuscript will be featured by 
JLB under the Frontline Science Section of JLB as 
"Leading Edge Research" in the Table of Contents. 

Introduction 
The clinical presentation of acute 
pancreatitis (AP) ranges from a mild and 
self-limiting inflammation to a severe 
necrotizing disease [1, 2]. Severe 
pancreatitis poses a major challenge to 
clinicians and the mortality is close to 30% 
in this group of patients [3]. Specific 
treatment for patients with AP is lacking 
and management is restricted to supportive 
care, which is related to our incomplete 
understanding of the pathophysiology in 
AP. It is widely held that trypsinogen 
activation and neutrophil infiltration in the 
pancreas represent key components in the 
progression of AP [4-7]. The 
interrelationship between proteolytic 
activation and inflammation in AP is 
complex and not very well understood. On 
one hand, several studies have shown that 
inhibition of neutrophil infiltration into the 
pancreas does not attenuate trypsinogen 
activation in AP [8, 9]. On the other hand, 
a recent study showed that systemic 
depletion of neutrophils markedly decrease 
activation of trypsinogen in AP [10]. Thus, 
combining these findings, it appears that 
compound(s) released from circulating 
neutrophils may be involved in the 
regulation of trypsinogen activation in the 
pancreas. However, the identity of such 
neutrophil-derived substances remains 
elusive. 

Matrix metalloproteinases (MMPs) 
comprise a super family of more than 25 
structurally and functionally related 
endopeptidases [11] with capacity to 
cleave the majority of matrix proteins as 
well as many non-matrix targets, such as 
chemokines, cytokines, adhesion 
molecules and surface receptors [12]. In 
this context, it is interesting to note that 
previous investigations have reported that 
certain MMPs, in particular members of 
the gelatinase subfamily (MMP-2 and 
MMP-9), are increased in the plasma in 
different experimental models of 
pancreatitis [13-16]. In addition, one recent 
study showed that MMP-9 is elevated in 
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Table 1: Role of MMPs in taurocholate-induced pancreatitis. Acute pancreatitis was induced by retrograde infusion of 10 µl 
sodium taurocholate (5%) into the pancreatic duct in vehicle + saline, vehicle + taurocholate and BB-94 + taurocholate. 
Control mice (vehicle + saline) underwent infusion of 10 µl saline into the pancreatic duct. Blood amylase, myeloperoxidase 
(MPO) in the pancreas and lung, as well as levels of macrophage inflammatory protein-2 (CXCL2) in pancreas and serum 
were determined 24 h after pancreatitis induction. Values represent Mean ± SEM. #P < 0.05 versus vehicle + saline. *P < 0.05 
versus vehicle + taurocholate. 

 

the serum of patients with pancreatitis and 
was forwarded as a potential prognostic 
marker in AP [17]. Accumulating data in the 
literature have demonstrated that treatment 
with broad-spectrum inhibitors of MMPs 
attenuates leukocyte recruitment to the 
pancreas and distant organs in AP [14, 15, 
18-20]. However, the role of MMPs in 
regulating trypsinogen activation in AP has 
not been examined. Interestingly, 
neutrophils contain abundant quantities of 
MMP-9 in secretory granules [21], which 
made us hypothesize that neutrophil-derived 
MMP-9 might be involved in trypsinogen 
activation. 

Based on the above considerations, we 
hypothesized herein that MMPs and in 
particular MMP-9 might be involved in the 
regulation of trypsinogen activation in AP. 
For this purpose, we used a broad-spectrum 
inhibitor of MMPs and MMP-9 gene-
deficient mice in an experimental model of 
AP based on retrograde infusion of 
taurocholate in mice. 
 
Materials and 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. Wild-type C57BL/6 and MMP-9-
deficient mice (B6.FVB(Cg)-Mmp9tm1Tvu/J) 
were purchased (Jaxmice, Sacramento, 
USA) and used at age 6–8 weeks (20-26 g). 
All animals 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 anesthetized by 
intraperitoneal (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) per 100 g body weight in 200 µl 
saline. 

Experimental protocol 
AP was induced by retrograde infusion of 
bile salt (taurocholate) into the pancreas as 
previously described [22, 23]. Briefly the 
duodenum and the attached pancreatic head 
were exposed through a midline incision. 
The papilla of Vater was identified, the 
duodenum was immobilized by two 7-0 
prolene sutures and a small puncture was 
made through the duodenal wall in parallel 
to the papilla of Vater with a 23G needle. A 
polyethylene catheter (internal diameter 0.28 
mm) connected to a micro-infusion pump 
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Figure 1. MMPs regulate trypsinogen activation and tissue damage in AP. A) Quantitative measurements of TAP levels (µg/g) 
in the pancreas, B) representative hematoxylin & eosin sections of the pancreas and C) quantitative analysis of leukocyte 
infiltrate, acinar cell necrosis, edema and hemorrhage in the pancreas. Pancreatitis (black bar) was induced by infusion of sodium 
taurocholate into the pancreatic duct. Control mice (grey bar) received saline into the pancreas and i.p. vehicle injection. MMPs 
were inhibited by i.p. injections of BB-94 once daily for 2 days and just before pancreatitis induction. Data represent means ± 
SEM and n = 5. 

#
P < 0.05 versus vehicle + saline, 

*
P < 0.05 vs. vehicle + taurocholate. Bars represent 100 µm. 

 
(CMA/100, Carnegie Medicin, Stockholm, 
Sweden) was introduced 1 mm into the 
pancreatic duct. The common hepatic duct 
was identified at the liver hilum and 
clamped with a neurobulldog clamp to 
prevent hepatic reflux. Overall 10 µl of 
either saline or 5% taurocholate (Sigma 
Chemical Company, St. Louis, Missouri, 
USA) was infused into the pancreatic duct 
at a rate of 2 µl/min. Before suturing the 
abdominal wall, the bile duct clip was 
removed and the duodenal puncture closed 
(7-0 prolene). Animals were sacrificed 24 
h after induction of AP. Blood was 
obtained from the vena porta and plasma 
was frozen at -20˚C. The stomach, 
duodenum and the pancreatic head were 
rapidly removed in one piece. The 
pancreatic head was carefully separated 

from the duodenum to avoid any 
contamination by mucosal enterokinase. 
Two thirds of the pancreatic sample and 
lung was divided in two pieces and flash 
frozen in liquid nitrogen while the rest was 
fixed in formaldehyde. For in vivo 
experiments using the MMP inhibitor, 
animals were randomized into three 
groups: 1) a positive taurocholate-infused 
group pre-treated with vehicle (saline, n = 
5), 2) a negative control also operated but 
infused with saline only (n = 5) and 3) a 
taurocholate-infused group treated with the 
MMP inhibitor BB-94 (Calbiochem®, 
Darmstadt, Germany) (40 mg/kg body 
weight/dose) (n = 5), administered i.p., 48 
h, 24 h and just before AP induction. For 
experiments using the MMP-9 gene 
deficient mice, animals were randomized 

96



MMP-9 and Acute Pancreatitis, J. Leuk. Biol.; in press 

 

 
 
Figure 2. MMP-9 levels are increased in AP. Plasma levels (ng/ml) of A) MMP-2 and B) MMP-9 were determined 24 h 
after pancreatitis induction. Pancreatitis (black bar) was induced by infusion of sodium taurocholate into the pancreatic duct. 
Control mice (grey bar) received saline into the pancreatic duct and i.p. vehicle injection. MMPs were inhibited by i.p. 
injections of BB-94 once daily for 2 days and just before pancreatitis induction. Data represent means ± SEM and n = 5. 

#
P < 

0.05 versus vehicle + saline, 
*
P < 0.05 versus vehicle + taurocholate. 

 
into three groups: 1) wild-type mice 
infused with taurocholate (n = 5), 2) wild-
type mice operated but infused with saline 
only (n = 5) and 3) MMP-9 gene-deficient 
mice infused with taurocholate (n = 5). 
Blood was collected from the tail vein for 
determination of blood amylase levels 24 h 
after induction of pancreatitis.  
 
Blood amylase 
Amylase was quantified in blood with a 
commercially available assay (Reflotron®, 
Roche Diagnostics GmbH, Mannheim, 
Germany). 
 
MPO assay 
Frozen pancreatic and lung tissue were 
pre-weighed and homogenized in one ml 
mixture (4:1) with PBS and aprotinin 10 
000 KIE/ml (Trasylol®, Bayer HealthCare 
AG, Leverkusen, Germany) for one min. 
The homogenate was centrifuged (15300 g, 
10 min) and the supernatant was stored at -
20°C and the pellet was used for MPO 
assay as previously described [24]. In 
brief, the pellet was mixed with one ml of 
0.5% hexadecyltrimethylammonium 
bromide. Next, the sample was frozen for 
24 h and then thawed, sonicated for 90 sec, 
put in water bath 60°C for two 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 per gram tissue. 
 
ELISA 
Plasma levels of MMP-2 and MMP-9, 
serum and pancreatic homogenate levels of 
CXCL2 were analyzed by using 
commercially available ELISA kits (R & D 
Systems). The MMP-2 and MMP-9 ELISA 
kits recognize pro-, active, and tissue 
inhibitor of metalloproteinases (TIMP)-
complexed forms of MMP-2 and MMP-9. 
Total MMP-2 and MMP-9 were analyzed 
in heparinized plasma according to 
manufacturer’s protocols and centrifuged 
for 20 min at 2000 g immediately after 
collection. An additional centrifugation at 
10000 g for 10 min at 4 C was employed 
for complete removal of platelets and 
stored at -20 C for further use. Plasma 
samples were then diluted 10 times with a 
sterile buffer (10% fetal calf serum in PBS, 
pH 7.4) to overcome the matrix effects and 
analyzed as per the protocols provided. 
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Figure 3. Quantitative measurements of A) pancreatic CXCL2 (pg/mg) B) serum CXCL2 (pg/ml) as well as MPO levels 
(U/g) in the C) pancreas and D) lung MPO in wild-type (WT) and MMP-9 knock-out (MMP-9 KO) mice. Pancreatitis (black 
bar) was induced by infusion of sodium taurocholate into the pancreatic duct. Control mice (grey bar) received saline into the 
pancreas. Data represent means ± SEM and n = 5. 

#
P < 0.05 versus WT + saline, 

*
P < 0.05 versus WT + taurocholate. 

 
Histology 
Pancreas samples were fixed in 4% 
formaldehyde phosphate buffer overnight 
and then dehydrated and paraffin 
embedded. 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 pre-existing 
scoring system including edema, acinar 
cell necrosis, hemorrhage and neutrophil 
infiltrate on a 0 (absent) to 4 (extensive) 
scale as previously described [25]. 
 
TAP levels 
Trypsinogen is activated to trypsin in a 
reaction where TAP is cleaved off and thus 
can be used as marker of trypsinogen 
activation [26]. The RIA was performed as 
described previously [27]. A 0.1 M Tris 
HCl buffer (PH 7.5) containing 0.15 M 
NaCl, 0.005 M EDTA and 2 g/l bovine 
serum albumin (Sigma-Aldrich) was used 
as assay buffer. Samples of 100 µl diluted 

in assay buffer were incubated (16 h, 4°C) 
with 200 µl of I125Tyr-TAP (=20 000 
counts per min) in assay buffer and 200 µl 
of antiserum diluted 1/750 in assay buffer. 
Parallel incubations with the synthetic 
activation peptides 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 
antibody precipitation. For this, 100 µl 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 temperature). The supernatant 
was decanted and radioactivity of the 
precipitate was counted in a γ-
spectrophotometer. 
 
Intravital microscopy 
Analysis of leukocyte rolling and adhesion 
was performed in postcapillary venules in 
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Figure 4. Leukocyte-endothelium interactions in the pancreas. Intravital micrographs of postcapillary venules in the 
pancreas 24 h after pancreatitis induction in A) wild-type and B) MMP-9-deficient animals after intravenous administration 
of an anti-P-selectin antibody (40µg). The anti-P-selectin antibody was given to abolish leukocyte rolling and leave the 
remaining firmly adherent leukocytes visible. Quantification of leukocyte C) rolling (cells/min) and D) adhesion (cells/mm

2
) 

in wild-type (WT) and MMP-deficient (MMP-9 KO) mice. Pancreatitis (black bar) was induced by infusion of sodium 
taurocholate into the pancreatic duct. Control mice (grey bar) received saline into the pancreas. Data represent means ± SEM 
and n = 5. 

#
P < 0.05 versus WT + saline and 

*
P < 0.05 versus WT + taurocholate. 

 
the pancreas in 10 C57BL/6 wild-type and 
5 MMP-9-deficient male mice. Contrast 
enhancement by intravenous injection of 
fluorescence isothiocyanate-labelled 
dextran 150 000 (0.05 ml, 5 mg/ ml, Sigma 
Chemical Co.) and in vivo labeling of 
leukocytes with rhodamine 6-G (0.1 ml, 
0.5 mg/ml, Sigma Chemical Co.) enabled 
analysis of leukocyte-endothelium 
interactions in the microvascular bed. For 
observations of the microcirculation, we 
used a modified Olympus microscope 
(BX50WI, Olympus Optical Co. GmbH, 
Hamburg, Germany) and recorded videos 
on a computer for later off-line analysis of 
leukocyte-endothelium interactions. In 
each animal, 2-6 postcapillary venules 
were evaluated and a 5-min equilibration 
time was allowed before recording. 
Leukocyte rolling was measured by 
counting the number of cells rolling along 
the endothelial lining during 20 sec and is 

expressed as cells per minute. Leukocyte 
adhesion was measured by counting the 
number of cells that adhered and remained 
stationary for more than 30 sec during the 
observation time and is expressed as cells 
per mm2. Certain animals received an anti-
P-selectin antibody (40 g, intravenous, 
clone RB40.34, BD Biosciences 
Pharmingen) immediately before capturing 
microphotographs of the postcapillary 
venules in the pancreas in order to abolish 
leukocyte rolling and thereby enable 
visualization of the remaining leukocytes 
that were firmly adherent to the 
endothelium. 
Trypsinogen activation in isolated acinar 
cells 
Bone marrow neutrophils were freshly 
extracted from healthy C57BL/6 and 
MMP9-deficient mice by using Ficoll-
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Figure 5. MMP-9 regulates pancreatic tissue damage in AP. A) Representative hematoxylin & eosin sections of the 
pancreas and B) quantitative analysis of leukocyte infiltrate, acinar cell necrosis, edema and hemorrhage in the pancreas in 
wild-type and MMP-9-deficient animals. Pancreatitis (black bar) was induced by infusion of sodium taurocholate into the 
pancreatic duct. Control mice (grey bar) received saline into the pancreas. Data represent means ± SEM and n = 5. 

#
P < 0.05 

versus WT + saline and 
*
P < 0.05 versus WT + taurocholate. Samples were obtained 24 h after induction of pancreatitis. Bars 

represent 100 µm. 
 
Paque research grade (Amersham 
Pharmacia Biotech, Uppsala, Sweden). 
The purity of the isolated neutrophils was 
>80%, as assessed by Turk’s stain in a 
hematocytometer [28]. Neutrophil 
activation was achieved after 30 min of 
incubation (107 cells/ml) with CXCL2 in 
37°C. Neutrophil secretion products were 
decanted after centrifugation (15,300 g, 5 
min, 4°C). Pancreatic acinar cells were 
prepared by collagenase digestion and 
gentle shearing as described previously 
[29]. Cells were suspended in HEPES-
Ringer buffer (pH 7.4) saturated with O2 
and passed through a 150 µm cell strainer 
(Partec, England). Isolated acinar cells (107 
cells per well) were preincubated with 
vehicle, cerulein (100 nM), activated 
recombinant MMP-9 (R & D Systems) or 
activated neutrophils or secretions of 
activated neutrophils from wild-type or 
MMP-9-deficient mice (37°C, 1 hr). The 
buffer was then discarded and the cells 
were washed twice with a 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 (56x 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 [30]. For 
this purpose, a 200 μl 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% bovine 
serum albumin (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/µl) were 
calculated using a standard curve 
generated by assaying purified trypsin, 
normalized to protein concentration and 
expressed as relative trypsin units 
(RTU/pg). Viability of the pancreatic 
acinar cells was higher than 95% as 
determined by trypan blue dye exclusion. 
 
Flow cytometry 
Isolated neutrophils incubated with 
CXCL2 analysed for macrophage-1 
antigen (Mac-1). To block Fcg III/II 
receptors and reduce non-specific 
labelling, samples were incubated with an 
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Figure 6. MMP-9 regulates lung damage in AP. Representative hematoxylin & eosin sections of the lung from wild type 
(WT) and MMP-9 knock-out (MMP-9 KO) + taurocholate. Pancreatitis (black bar) was induced by infusion of sodium 
taurocholate into the pancreatic duct. Control mice (grey bar) received saline into the pancreas. Samples were obtained 24 h 
after induction of pancreatitis. Data represent means ± SEM and n = 5. 

#
P < 0.05 versus saline control, 

*
P < 0.05 versus WT 

+ taurocholate. Bars represent 100 µm. 
 
anti-CD16/CD32 for 5 min. Then samples 
were stained with a PE-conjugated anti-Gr-
1 (clone RB6-8C5, eBioscience, San 
Diego, CA, USA) antibody and with a 
FITC-conjugated anti-Mac-1 (clone 
M1/70, Integrin M chain, rat IgG2b) 
antibody at 4 °C for 30 min. Cells were 
recovered following centrifugation then 
analysed with FACSCalibur flow 
cytometer (Becton Dickinson, Mountain 
View, CA, USA). A viable gate was used 
to exclude dead and fragmented cells. 
After gating the neutrophil population 
based on forward and side scatter 
characteristics, Mac-1 expression was 
determined on cells positive for Gr-1, 
which is a neutrophil marker. 
 
Statistics 
Data are presented as mean values ± 
standard errors of the means (SEM). 
Statistical evaluations were performed by 
using non-parametrical tests (Mann-
Whitney). P < 0.05 was considered 

significant and n represents the number of 
animals. 
 
Results 
MMPs mediate trypsinogen activation and 
tissue damage in AP 
In order to examine the role of MMPs in 
AP, we used a broad-spectrum MMP 
inhibitor BB-94. Taurocholate challenge 
caused a clear-cut increase in blood 
amylase, pancreatic and lung MPO 
activity, as well as pancreatic and serum 
CXCL2 levels (Table 1). Administration of 
BB-94 decreased the taurocholate-induced 
increase in amylase by 76% (Table 1). 
Moreover, MMP inhibition reduced MPO 
activity in the pancreas and lung by 80% 
and 58%, respectively, in animals 
challenged with taurocholate. 
Taurocholate-induced levels of CXCL2 in 
the pancreas and serum were significantly 
decreased by BB-94 (Table 1). TAP is a 
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Figure 7. MMP-9 regulates trypsinogen activation in acinar cells. A) Neutrophils (PMN) were activated with CXCL2 and 
activation was confirmed by quantifying Mac-1 expression on neutrophils by flow cytometry. B) Acinar cell activation of 
trypsinogen was measured in (negative) control cells, cerulein-exposed acinar cell homogenate, activated neutrophils or 
secretions from wild-type mice, activated neutrophils or secretions from MMP-9-deficient mice as well as activated 
recombinant MMP-9. Trypsinogen activation was determined by measuring enzymatic activity of trypsin fluorometrically by 
using Boc-Glu-Ala-Arg-MCA as the substrate as described in detail in Methods. Trypsin levels (pg/µl) were calculated using 
a standard curve generated by assaying purified trypsin, normalized to protein concentration and expressed as relative trypsin 
units (RTU/pg). Data represent means ± SEM and n = 5. 

#
P < 0.05 versus negative control, 

¤
P < 0.05 versus activated wild-

type PMN, *P < 0.05 versus secretion of activated wild-type PMN. 
 
cleavage product from trypsinogen and 
TAP level is a useful marker of 
trypsinogen activation [26, 31]. 
Interestingly, inhibition of MMPs reduced 
pancreatic TAP formation by 61% in mice 
challenged with taurocholate (Figure 1A). 
Morphologic examination revealed normal 
tissue structure in pancreatic tissue in 
controls (Figure 1B), whereas taurocholate 
challenge caused severe destruction of the 
pancreatic microarchitecture characterized 
by extensive acinar cell necrosis, 
hemorrhage, edema and massive 
infiltration of neutrophils (Figure 1B). 
MMP inhibition protected against 
taurocholate-induced destruction of the 
tissue architecture (Figure 1B). 
Quantification of histological changes 
revealed that treatment with BB-94 
decreased taurocholate-induced acinar cell 
necrosis by 69%, edema by 55%, 
neutrophil infiltration by 69% and 
hemorrhage by 54% in the pancreas 
(Figure 1C).  

 
MMP-9 regulates trypsinogen activation 
and tissue damage in AP 
Taurocholate markedly increased plasma 
levels of MMP-9 but had no effect of 
MMP-2 levels in the plasma (Figure 2). 
Interestingly, administration of BB-94 
significantly decreased the taurocholate-
induced elevation of MMP-9 levels in the 
plasma (Figure 2b).Taurocholate-induced 
amylase release was abolished in MMP-9 
gene-deficient animals (Figure 3). 
Furthermore, CXCL2 levels in the 
pancreas and serum were greatly decreased 
in mice lacking MMP-9 and challenged 
with taurocholate (Figure 3). In addition, 
the taurocholate-evoked enhancement of 
MPO activity in the pancreas and lung was 
reduced by more than 64% and 65% 
respectively in MMP-9-deficient animals 
(Figure 3). In order to study the role of 
MMP-9 in neutrophil recruitment, we used 
intravital fluorescence microscopy of the 
pancreatic microcirculation. We observed 

102



MMP-9 and Acute Pancreatitis, J. Leuk. Biol.; in press 

 

that taurocholate challenge increased both 
leukocyte rolling and firm adhesion in 
postcapillary venules in the pancreas 
(Figure 4). Taurocholate-induced 
leukocyte rolling was intact but the number 
of firmly adherent leukocytes was 
significantly decreased in MMP-9 gene-
deficient animals (Figure 4c + d). 
Moreover, histological examination 
revealed that the severe destruction of the 
pancreatic tissue structure characterized by 
extensive cell necrosis, edema, hemorrhage 
and massive infiltration of neutrophils 
evoked by taurocholate was markedly 
decreased in mice lacking MMP-9 (Figure 
5). Administration of taurocholate also 
caused neutrophil infiltration and reduced 
alveolar spaces in the lung (Figure 6). 
These taurocholate-induced changes in the 
lung were reduced in MMP-9-deficient 
animals (Figure 6). 
 
MMP-9 activates trypsinogen in acinar 
cells 
To examine whether neutrophils and 
MMP-9 can stimulate trypsinogen 
activation, we performed in vitro 
experiments with isolated pancreatic acinar 
cells. Acinar cells were incubated with 
neutrophils and secretions from neutrophils 
activated with CXCL2. In order to assure 
activation of isolated neutrophils by 
CXCL2 we analyzed Mac-1 expression 
and found that CXCL2 markedly up-
regulated Mac-1 expression on isolated 
neutrophils (Figure 7a). As expected, 
cerulein challenge caused a clear-cut 
activation of trypsinogen in acinar cells 
(Figure 7b). Co-incubation of activated 
wild-type neutrophils significantly 
increased trypsin activation in acinar cells 
(Figure 7b). In contrast, co-incubation of 
neutrophils from MMP-9 gene-deficient 
mice had no effect on trypsin activation in 
acinar cells (Figure 7b). Moreover, 
stimulation of acinar cells with secretions 
from CXCL2-activated wild-type 
neutrophils enhanced trypsin activity by 
62% (Figure 7b). Notably, trypsinogen 

activation was significantly lower when 
co-incubated with CXCL2-provoked 
secretions from MMP-9-deficient 
neutrophils (Figure 7b). Finally, it was 
found that incubation of acinar cells with 
activated recombinant MMP-9 increased 
trypsin activation by 59% in acinar cells 
(Figure 7b). 
 
Discussion 
Our data demonstrate that MMPs regulate 
trypsinogen activation, formation of CXC 
chemokines, neutrophil recruitment and 
tissue damage in AP. Moreover, these 
results show that plasma levels of MMP-9 
but not MMP-2 are elevated in AP. 
Taurocholate-induced activation of 
trypsinogen, inflammation and tissue 
injury in the pancreas as well as pulmonary 
accumulation of neutrophils were 
markedly attenuated in mice lacking 
MMP-9. Furthermore, it was found that 
neutrophil-derived MMP-9 regulates 
trypsinogen activation and that MMP-9 is a 
potent activator of trypsinogen in acinar 
cells. Thus, our novel data demonstrates 
that MMP-9 is an important regulator of 
neutrophil-dependent trypsinogen 
activation and may be a useful therapeutic 
target in AP. 

The MMP family of proteases is 
generally considered to control degradation 
and formation of the extracellular matrix, 
but convincing data in the literature also 
implicate MMPs in several features of 
inflammatory reactions, such as leukocyte 
migration and cytokine formation [32-36]. 
Herein, we found that administration of 
BB-94, a broad-spectrum inhibitor of 
MMPs, markedly reduced tissue injury in 
AP. Thus, MMP inhibition significantly 
decreased the taurocholate-induced 
enhancement of serum amylase, suggesting 
that MMPs indeed regulate a significant 
part of the tissue damage in pancreatitis. 
Moreover, administration of BB-94 
markedly decreased taurocholate-induced 
MPO activity and tissue infiltration of 
neutrophils in the pancreas, suggesting that 
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MMPs orchestrate neutrophil recruitment 
in AP. This notion is in line with previous 
studies on experimental pancreatitis [14-
16, 18-20, 37]. The relationship between 
proteolytic activity on one hand and the 
inflammatory response on the other hand 
in AP is complex and not clearly 
delineated. A recent study showed that 
neutrophils play an important role in the 
activation of trypsinogen in AP [10]. 
However, infiltration of neutrophils in the 
pancreas per se does not seem to be a 
critical feature in this neutrophil-dependent 
activation of trypsinogen [8, 9]. Based on 
these findings, we hypothesized that 
mediators released from activated 
neutrophils, such as MMPs, may be 
responsible for neutrophil-mediated 
trypsinogen activation. Thus, we asked 
whether MMPs might regulate trypsinogen 
activation in the pancreas. Interestingly, 
we found that BB-94 greatly reduced TAP 
levels in pancreatitis animals, suggesting 
for the first time that MMPs may be 
involved in the conversion of trypsinogen 
to active trypsin in AP. 

Neutrophils are known to contain 
large amounts of MMP-9 in tertiary 
(secretory) granules, which are the first 
granules to be mobilized and degranulate 
upon chemotactic activation of neutrophils 
[21, 38]. Having established that MMPs 
play an important role in AP, we next 
studied plasma levels of MMP-2 and 
MMP-9 in AP. We found that the plasma 
levels of MMP-9, but not MMP-2 were 
greatly enhanced in AP. This observation 
is consistent with previous experimental 
studies and one clinical study showing 
increased plasma levels of MMP-9 in 
ongoing pancreatitis [17]. In this context, it 
was interesting to note that administration 
of BB-94 abolished taurocholate-induced 
formation of MMP-9 in the plasma, 
indicating a pro-inflammatory self-
perpetuating cycle in which MMP 
formation triggers further MMP formation. 
In this context, it should be mentioned that 
previous studies have shown that trypsin 

has the capacity to activate MMP-9 [39, 
40]. Considered together with our 
observation that MMP-9 triggers trypsin 
activation, it may be proposed that there 
might be self-amplifying loops involving 
trypsin and MMP-9 activation in AP. In 
order to further define the role of MMP-9 
in AP, we used MMP-9 gene-deficient 
mice. In these animals lacking MMP-9, we 
observed that taurocholate-provoked 
increases in serum amylase and tissue 
injury in the pancreas were significantly 
decreased, suggesting that MMP-9 is 
involved in the pathophysiology of AP. In 
addition, we found that taurocholate-
induced neutrophil recruitment in the 
pancreas was significantly reduced in 
MMP-9-deficient animals. To study the 
role of MMP-9 in controlling leukocyte 
responses, we examined leukocyte-
endothelium interactions in the pancreatic 
microcirculation. It was found that 
taurocholate-induced firm adhesion, but 
not rolling, in post capillary venules was 
significantly decreased in MMP-9 gene-
deficient mice. Knowing that CXC 
chemokines, such as CXCL2, are potent 
activators of neutrophils triggering firm 
adhesion to endothelial cells, it was of 
interest to study the role of MMP-9 in the 
production of CXCL2 in AP. Herein, we 
found that taurocholate-induced formation 
of CXCL2 in the pancreas and serum was 
markedly reduced in animals lacking 
MMP-9, suggesting that MMP-9 regulates 
CXCL-2 formation and may help to 
explain the role of MMP-9 in controlling 
adhesion and tissue accumulation in 
pancreatitis described above. In this 
context, it is interesting to note that a 
previous study reported that MMP-9 has 
the capability to cleave the CXC 
chemokine IL-8 and enhance the 
neutrophilic chemotactic activity of IL-8 
by ten times [41]. Taken together with our 
findings it may be forwarded that MMP-9 
may control neutrophil chemotaxis in AP 
by two distinct mechanisms, i.e. formation 
and potency of CXC chemokines. At any 
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rate, our data show for the first time that 
MMP-9 is an important regulator of 
neutrophil recruitment and tissue damage 
in AP. Considering our finding that MMPs 
are required for trypsinogen activation in 
AP, we next wanted to define the role of 
MMP-9 in regulating trypsin activity in 
isolated acinar cells. First we confirmed 
that activated neutrophils and neutrophil 
secretions had the capacity to increase 
trypsin activity as demonstrated previously 
[10]. Interestingly, we found that activated 
neutrophils and neutrophil secretions 
derived from MMP-9 gene-deficient 
animals lacked capacity to trigger 
activation of trypsinogen in acinar cells. 
Notably, we also observed that activated 
recombinant MMP-9 caused a clear-cut 
increase in trypsin activity in acinar cells. 
These results suggest for the first time that 
neutrophil-derived MMP-9 is critical in the 
activation process of trypsinogen. 
Moreover, our novel data unifies the 
observations that on one hand neutrophils 
regulate trypsinogen activation [10, 42] 
and on the other hand that trypsinogen 
activation is independent of actual 
infiltration of neutrophils into the pancreas 
[8, 9]. Thus, our work has identified a 
critical link between neutrophils and 
trypsinogen activation in AP by showing 
that neutrophil-derived MMP-9 is a potent 
activator of trypsinogen. 

To conclude, our novel data 
demonstrate that MMPs regulate 
trypsinogen activation and tissue damage 
in AP. Moreover, we found that plasma 
levels of MMP-9 are increased in AP and 
that mice lacking MMP-9 are protected 
against pathological inflammation and 
tissue injury in AP. Finally, our results 
show that MMP-9 is a potent activator of 
trypsinogen and critical in mediating 
neutrophil-dependent activation of 
trypsinogen. Thus, our results suggest that 
MMP-9 is a critical link between 
neutrophils and proteolytic activation in 
the pancreas and that MMP-9 may be an 
effective target in the treatment of AP. 
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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

BJP British Journal of
Pharmacology

DOI:10.1111/j.1476-5381.2010.01060.x
www.brjpharmacol.org

648 British Journal of Pharmacology (2011) 162 648–658 © 2011 The Authors
British Journal of Pharmacology © 2011 The British Pharmacological Society

111



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

D

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.
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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
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Rho-kinase regulates taurocholate-induced tissue damage in the pancreas. (A) Acinar cell necrosis and (B) oedema formation in sham, control
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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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A representative sample of (A) Mac-1, (B) CXCR2 expression on neutrophils and (C) lung MPO levels in sham, control (saline alone into the
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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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Abstract: 
 
Acute pancreatitis (AP) is an inflammatory 
disease with a wide clinical spectrum. 
Elevated cytosolic calcium, trypsinogen 
activation and inflammation are key 
components in the pathophysiology of AP 
but the molecular mechanisms leading to the 
initiation and propagation of these events are 
still unclear. Here, we explore the potential 
involvement of the calcium/calcineurin-
dependent transcription factor nuclear factor 
of activated T-cells (NFAT) in AP. 
Retrograde infusion of sodium taurocholate 
into the pancreatic duct in transgenic NFAT-
luciferase (NFAT-luc) reporter mice resulted 
in elevated blood amylase, pancreas and 
lung myeloperoxidase (MPO), pancreas 
macrophage inflammatory protein-2 
(CXCL2), trypsinogen activation and severe 
tissue destruction, as indicated by acinar cell 
necrosis, edema, leukocyte infiltration and 
hemorrhage in the pancreas. In these mice, 
NFAT-dependent transcriptional activity 
was significantly increased in pancreas, as 
well as in aorta, lung and spleen. Treatment 
with the NFAT inhibitor A-285222 
completely blocked taurocholate-induced 
NFAT activation in all organs and led to 
restored levels of inflammatory mediators as 
well as preserved tissue architecture. 
Similarly, NFATc3-deficient mice were 
protected from taurocholate-induced 
trypsinogen activation, inflammation and 
destruction of pancreatic tissue. Confocal 
immunofluorescence experiments revealed 
that NFATc3 is expressed in acinar cells and 
readily activated by stimuli leading to 
increased intracellular calcium (i.e. 
cholecystokinin “CCK”, acetylcholine 
“Ach”, ionomycin) and that this is prevented 
by the calcineurin blocker cyclosporine A 
(CsA) or by A-285222. Secretagogue-
induced activation of trypsinogen in acinar 
cells ex vivo was also NFAT-dependent, 
since pharmacological inhibition with A-
285222 or lack of NFATc3 protein abolished 

the response. Our data suggests that 
NFATc3 is a critical regulator of 
trypsinogen activation, neutrophil 
recruitment and pancreatic tissue damage 
and may be a potential therapeutic target in 
AP. 
 
Introduction 
Acute pancreatitis (AP) includes a wide 
spectrum of clinical presentations ranging 
from a mild condition with transient pain to 
a severe disease with local and systemic 
complications (1, 2). At the moment, there is 
no valid method to predict the severity and 
outcome of AP. In spite of significant 
research efforts, specific treatment of 
patients with AP is lacking and management 
is largely limited to supportive care, which is 
in part due to insufficient understanding of 
the basic pathophysiology (3). It is widely 
held that trypsinogen activation, 
inflammation and disturbed microvascular 
perfusion are important components in AP 
(4-6). Activation of trypsinogen appears to 
be an early and transient phenomenon, 
whereas the inflammatory process is longer 
in duration and might be a more useful target 
for specific therapeutic interventions in AP 
(7, 8). A prominent feature of the 
inflammatory response is the extravascular 
accumulation of leukocytes at sites of tissue 
injury. Indeed, several reports have shown 
that leukocyte recruitment is a critical 
feature in the pathophysiology of AP (9-12). 
Leukocyte activation and tissue navigation 
are coordinated by secreted chemokines, 
such as CC and CXC chemokines. In the 
mouse, the CXC chemokine family includes 
macrophage inflammatory protein-2 (MIP-
2/CXCL2) and cytokine-induced neutrophil 
chemoattractant (KC/CXCL1), which 
predominately attract neutrophils (13). CXC 
chemokine receptor-2 (CXCR2) is the high 
affinity receptor on murine neutrophils for 
CXCL1 and CXCL2 and has been shown to 
regulate neutrophil accumulation and tissue 
injury in AP (14). Moreover, recent studies 
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have demonstrated that adhesion molecules, 
such as lymphocyte function antigen-1 
(LFA-1) and intercellular adhesion 
molecule-1 (ICAM-1) mediate neutrophil-
dependent tissue damage in AP (10, 11). 
Although, the role of specific 

chemoattractants and adhesion molecules 
orchestrating neutrophil infiltration in the 
pancreas is relatively well described, the 
understanding of the signaling pathways 
underlying pro-inflammatory actions in AP 
is limited. 

Extracellular stress signals, such as 
ischemia and infection, initiate intracellular 
signaling cascades that converge on specific 
transcription factors regulating gene 

expression of pro-inflammatory mediators. 
A dysregulated increase in cytosolic calcium 
is a major determinant of protease activation 
in the pancreas (15, 16). One key target of 
calcium in eukaryotic cells is calcineurin, a 
unique calcium/calmodulin activated 
serine/threonine protein phosphatase (also 
known as protein phosphatase 2B, PP2B), 
which plays a central role in a number of 
cellular processes and calcium-dependent 
signal transduction pathways (17, 18). 
Calcineurin is potently inhibited by the 
immunosuppressant drugs FK506 and CsA, 
which are widely used for preventing 
transplant rejection (19). Interestingly, a 
recent study reported that FK506 inhibits 
protease activation in pancreatic acinar cells 
and protects against mild pancreatitis in vivo 
(20). However, calcineurin inhibition, due to 
its ability to engage a broad range of 
substrates and binding partners (i.e. 
transcriptional regulators, receptor ion 
channels, cytoskeleton, cell cycle/apoptosis 
proteins and critical scaffolders) that confer 
substrate specificity (17, 21, 22), is 
associated with serious side-effects and may 
not be suitable to use in patients with AP 
(23, 24). Instead, we hypothesized herein 
that inhibition of downstream targets of 
calcineurin signaling may be a more useful 

approach to inhibit protease activation and 
pathological inflammation in AP. One 
important downstream target of calcineurin 
is the family of four nuclear factors of 
activated T cells (NFATc1-c4) transcription 
factors, which are heavily phosphorylated 
and cytosolic under basal conditions, but 
able to translocate to the nucleus upon 
stimulation and dephosphorylation by 
calcineurin (18). NFAT activation initiates a 
cascade of transcriptional events involved in 
physiological and pathological processes 
(25, 26). NFAT was originally described as a 
transcriptional activator of cytokine and 
immunoregulatory genes in T cells (27), but 
is now known to play a role in several cell 
types outside the immune system (25). 
However, the potential role of NFAT in the 
pathophysiology of AP remains elusive. 

Based on the considerations above, the 
aim of this study was to investigate whether 
NFAT is activated in AP in vivo and whether 
it plays a role in trypsinogen activation, 
inflammation and tissue damage in AP. 
More specifically, we explored the role of 
NFATc3 in the regulation of trypsinogen 
activation, neutrophil recruitment and 
pancreatic tissue damage in AP. 

 
Results 
NFAT-dependent transcriptional 
activity in AP 
In order to examine whether AP engages the 
NFAT signaling pathway, we measured 
local and systemic NFAT-dependent 
transcriptional activity in response to 
retrograde infusion of sodium taurocholate 
in the pancreatic duct in transgenic NFAT-
luc reporter mice. This procedure caused a 
significant increase in luciferase activity in 
the pancreas as well as in the aorta, lung and 
spleen 24 h after taurocholate infusion when 
compared to control mice in which saline 
infusion was performed instead (Figure 1). 
Our results indicate that both local and 
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Figure 1. Luciferase levels (RLU/µg protein) in A) pancreas B) aorta C) lung and D) spleen in NFAT-luc mice. Pancreatitis 
(black bar) was induced by infusion of sodium taurocholate into the pancreatic duct. Control mice (grey bar) received saline alone. 
Animals were pre-treated with i.p. injections of the NFAT blocker A-285222 or vehicle twice daily for 1 week before pancreatitis 
induction. Samples were obtained 24 h after induction of pancreatitis. Data represent means ± SEM and n = 6. #P < 0.05 versus 
saline control, *P < 0.05 versus vehicle + taurocholate. 
 

systemic NFAT-dependent transcriptional 
activity take place in response to AP (Figure 
1). Treatment with the NFAT inhibitor A-
285222 completely blocked the 
taurocholate-induced NFAT activation in all 
studied organs, demonstrating that A-285222 
is an effective inhibitor of NFAT 
transcriptional activity in vivo (Figure 1). A-
285222 (0.15 mg/kg body weight) was 
administered i.p. twice a day for 7 days 
before surgery and once in the morning prior 
to surgery. Using this protocol, we found 
that plasma levels of A-285222 ranged 
between 10 and 98 nM 24 h after 
taurocholate injection. 
 
NFAT regulates tissue damage in AP 
Blood levels of amylase, an established 
indicator of pancreatic injury, were 
significantly enhanced after challenge with 
taurocholate when compared to saline 
controls (Figure 2A). Treatment with the 
NFAT blocker A-285222 significantly 

decreased taurocholate-provoked amylase 
levels by 59% (Figure 2A). MPO levels can 
be used as a marker of neutrophil 
infiltration. We found that taurocholate 
infusion resulted in increased pancreatic and 
lung MPO levels and that these increases 
were markedly reduced by treatment with A-
285222 (Figure 2B and C). Neutrophil 
trafficking is known to be coordinated by 
CXCL2 (28). Herein, it was found that 
CXCL2 levels were low in normal pancreas 
but significantly increased in response to 
taurocholate challenge (Figure 2D). 
Administration of A-285222 greatly reduced 
CXCL2 levels in the inflamed pancreas 
(Figure 2D). Trypsinogen activation was 
determined by measuring pancreatic levels 
of trypsinogen activation peptide (TAP). 
Taurocholate injection significantly 
increased TAP levels in the pancreas (Figure 
2E). Administration of A-285222 markedly 
decreased the taurocholate-induced increase
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Figure 2. Quantitative measurements of A) blood amylase levels (µKat/L) B) pancreatic MPO (U/g tissue) C) lung MPO (U/g 
tissue) D) pancreatic CXCL2 (pg/mg tissue) and E) pancreatic TAP (µg/g tissue) in NFAT-luc mice. Pancreatitis (black bar) was 
induced by infusion of sodium taurocholate into the pancreatic duct. Control mice (grey bar) received saline alone. Animals were 
pre-treated with i.p. injections of A-285222 or vehicle twice daily for 1 week before pancreatitis induction. One group (white bar) 
received A-285222 without bile duct cannulation. Samples were obtained 24 h after induction of pancreatitis. Data represent 
means ± SEM and n = 6. #P < 0.05 versus saline control, *P < 0.05 versus vehicle + taurocholate. 
 
in TAP levels in the pancreas (Figure 2E). 
Blood amylase, pancreas and lung MPO, 
pancreas CXCL2 and TAP levels in control 
mice treated with A-285222 alone were not 
different from saline infused control mice 
(Figure 2). Morphological examination 
revealed normal microarchitecture in the 
pancreas from control animals, whereas 
challenge with taurocholate caused severe 
destruction of the pancreatic tissue structure 
characterized by extensive acinar cell 
necrosis, edema, massive infiltration of 
leukocytes and hemorrhage (Figure 3A-D). 
Treatment with A-285222 protected against 
taurocholate-induced destruction of the 
tissue architecture, significantly reducing 
taurocholate-induced acinar cell necrosis, 
edema, leukocyte infiltration and 
hemorrhage in the pancreas (Figure 3E-H). 
Tissue architecture was not affected in mice 
treated with A-285222 alone when compared 

to saline infused control mice (Figure 3A-
H). 
 
NFATc3 regulates tissue damage in 
AP 
Differences in expression and unique 
functions have been attributed to each of the 
NFAT isoforms in various tissues (29, 30), 
therefore, we next asked which NFAT 
isoforms are expressed in the pancreas. 
Using RT-PCR, we found that NFATc1 and 
NFATc3 were readily detected both in 
extracts of pancreatic lobules and of isolated 
acini, whereas NFATc2 was expressed 
weakly, if at all, and NFATc4 was not 
detected (Figure 4). As expected, all NFAT 
isoforms were expressed in the thymus 
(Figure 4). Since we and others have 
described significant plasticity in the 
expression levels of NFAT proteins during 
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Figure 2. Quantitative measurements of A) blood amylase levels (µKat/L) B) pancreatic MPO (U/g tissue) C) lung MPO (U/g 
tissue) D) pancreatic CXCL2 (pg/mg tissue) and E) pancreatic TAP (µg/g tissue) in NFAT-luc mice. Pancreatitis (black bar) was 
induced by infusion of sodium taurocholate into the pancreatic duct. Control mice (grey bar) received saline alone. Animals were 
pre-treated with i.p. injections of A-285222 or vehicle twice daily for 1 week before pancreatitis induction. One group (white bar) 
received A-285222 without bile duct cannulation. Samples were obtained 24 h after induction of pancreatitis. Data represent 
means ± SEM and n = 6. 

#
P < 0.05 versus saline control, 

*
P < 0.05 versus vehicle + taurocholate. 

 

development and/or growth stimulatory 
conditions (31, 32), we examined the pattern 
of NFAT isoform expression in young (18-
22 days) and adult (5-6 weeks) mice. 
Interestingly, the very modest expression of 
NFATc2 was only detected in adult mice 
and not in the young ones (Figure 4B). We 
then examined the role of NFATc3 in AP. 
For this purpose, we used NFATc3 
heterozygous (NFATc3+/-), homozygous 
knockout mice (NFATc3-/-) and control 
littermates (NFATc3+/+). Twenty four hours 
after infusion of taurocholate, blood amylase 
and pancreas and lung MPO levels were 
significantly increased in control NFATc3-
competent mice, whereas the response was 
greatly reduced in NFATc3-deficient mice 
(Figure 5A-C). Moreover, induction of 
CXCL2 levels observed in NFATc3+/+ mice 
with AP was blunted in NFATc3-/- mice 
(Figure 5D). Notably, the taurocholate-
induced elevation of TAP levels in the 
pancreas were abolished in NFATc3-/- 

animals (Figure 5E). It was also observed 
that mice lacking NFATc3 were protected 
against morphological tissue damage evoked 
by taurocholate (Figure 6A-E). 
Quantification of histological parameters 
showed that taurocholate-provoked acinar 
necrosis, edema, leukocyte infiltration and 
hemorrhage were greatly attenuated in 
NFATc3-/- mice (Figure 6F-I). Heterozygous 
NFATc3+/- animals exhibited an intermediate 
phenotype, with significantly reduced 
taurocholate-induced acinar necrosis, edema, 
leukocyte infiltration and hemorrhage when 
compared to NFATc3 competent mice 
(Figures 6A-E); as well as trends towards 
reduced blood amylase, pancreas MPO, 
CXCL2 and TAP levels (Figure 5). 
 
NFATc3 regulates trypsinogen 
activation in acinar cells 
We next asked whether NFATc3 may 
regulate trypsinogen activation in pancreatic 
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Figure 4. Expression of NFATc1-c4 isoforms and the housekeeping gene GAPDH was determined using RT-PCR in isolated 
pancreatic acini and lobules from young (Y, 18-22 days) and adult (A, 5-6 weeks) mice. Thymus (T) and spleen (S) were used as 
controls. The expected sizes of the products are: NFATc1 416 bp, NFATc2 452 bp, NFATc3 499 bp, NFATc4 649 bp and 
GAPDH 293 bp. * and ** indicate 300 and 500 bp markers, respectively. 

 

acinar cells. For this purpose, we isolated 
acinar cells from the pancreas of mice and 
incubated them with the CCK related peptide 
cerulein. Cerulein stimulation significantly 
enhanced trypsinogen activation compared 
to control unstimulated cells (Figure 7). 
Preincubation of the acinar cells with A-
285222 markedly decreased secretagogue-
induced activation of trypsinogen (Figure 7). 
Furthermore, we found that cerulein-induced 
trypsinogen activation was abolished in 
acinar cells isolated from mice lacking 
NFATc3 (Figure 7). 
 
Nuclear accumulation of NFATc3 in 
acinar cells 

Under similar experimental conditions as the 
ones used to induce trypsinogen activity in 
Figure 7, incubation of pancreatic acinar 
cells with a supramaximal dose of CCK (10 
nM), which is equivalent to the dose used for 
cerulein, resulted in significantly increased 
NFATc3 nuclear accumulation (Figure 8A 
and B). Confocal images showing NFATc3 

in green and nuclei stained with propidium 
iodide (PI) in red, demonstrated 
predominantly cytosolic distribution of 
endogenous NFATc3 under basal non-
stimulated conditions, with low but 
detectable nuclear staining in some cells 
(Figure 8A). In response to CCK 
stimulation, NFATc3 nuclear accumulation 
was significantly increased (indicated by the 
lack of black holes, “NFATc3-empty” nuclei 
or the white nuclei in the merged panel in 
Figure 8A). Summarized data from confocal 
experiments demonstrated that the response 
was quite rapid with a peak at 7 min, but still 
elevated NFATc3 nuclear accumulation after 
50 min of CCK stimulation (Figure 8B).  To 
further explore the activation properties of 
NFATc3 in acinar cells, we tested a lower 
more physiological dose of CCK (10 pM) 
and the muscarinic agonist Ach (10 µM). 
Both agonists resulted in a significant and 
transient elevation of NFATc3 nuclear 
accumulation (supplemental Figure 1A and 
B). All agonist-induced responses were 
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Figure 5. Quantitative measurements of A) blood amylase levels (µKat/L) B) pancreatic MPO (U/g) C) lung MPO (U/g) D) 
pancreatic CXCL2 (pg/mg) and E) pancreatic TAP (µg/g) in NFATc3 

+/+
, NFATc3 

+/-
 and NFATc3 

-/- 
mice. Pancreatitis (black 

bar) was induced by infusion of sodium taurocholate into the pancreatic duct. Control mice (grey bar) received saline alone. 
Samples were obtained 24 h after induction of pancreatitis. Data represent means ± SEM and n = 8. 

#
P < 0.05 versus saline 

control, 
¤ 
and 

*
P < 0.05 versus taurocholate. 

 

prevented by pre-incubation for 30 min with 
CsA (10 µM, supplemental figure 1C). 
Incubation for 10 min with the calcium 
ionophore ionomycin (10 µM) also resulted 
in NFATc3 nuclear accumulation 
(supplemental Figure 1C). CsA alone had no 
effect on NFATc3 nuclear accumulation.  
 
Discussion 
This study documents for the first time that 
NFAT signaling is a key feature in the 
pathophysiology of AP. It was observed that 
AP is associated with increased NFAT 
transcriptional activity in the pancreas as 
well as in the lung, aorta and spleen and that 
pharmacological inhibition of NFAT 
signaling reduces AP-induced activation of 
trypsinogen, neutrophil recruitment and 
tissue damage. We found that trypsinogen 
activation, CXCL2 expression as well as 
neutrophil infiltration in the pancreas and 

lung were markedly reduced in NFATc3-
deficient mice. In addition, secretagogue-
induced activation of trypsinogen in isolated 
acinar cells was associated with increased 
nuclear accumulation of NFATc3. Agonist-
provoked trypsin activity was decreased by 
inhibition of NFAT signaling and abolished 
in acinar cells from NFATc3-deficient mice. 
Thus, these findings show that NFAT 
signaling plays an important role in AP and 
that targeting NFATc3 may be a useful 
strategy to ameliorate pathological 
inflammation in the pancreas. 

NFAT activity is generally considered 
to control key aspects of tissue development, 
including vasculogenesis, axonal outgrowth, 
muscle and bone formation as well as 
maturation of the gastrointestinal tract and 
immune system (33-37). However, a 
growing body of literature also implicates a 
role of NFAT signaling in inflammatory 
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Figure 6. Representative haematoxylin & eosin sections of the pancreas from NFATc3 
+/+

, NFATc3 
+/-

 and NFATc3 
-/- 

mice of 
A) NFATc3 

+/+
+ saline B) NFATc3 

+/+
+ taurocholate C) NFATc3 

+/-
+ saline D) NFATc3 

+/-
+ taurocholate and E) NFATc3 

-/-
+ 

taurocholate and histological quantification of F) acinar cell necrosis G) edema H) leukocyte infiltration and I) hemorrhage. 
Pancreatitis was induced by infusion of sodium taurocholate into the pancreatic duct. Control mice received saline alone. Samples 
were obtained 24 h after induction of pancreatitis. Bars represent 100 µm. Data represent means ± SEM and n = 8. 

#
P < 0.05 

versus saline control, 
*
P < 0.05 versus vehicle + taurocholate. 

 
 

processes, such as arteriosclerosis and 
autoimmune diseases (38, 39). In the present 
study, it was hypothesized that AP, which is 
an acute inflammatory disease, is associated 
with increased NFAT-dependent 
transcriptional activity. We found that NFAT 
was not only activated in the pancreas but 
also in the aorta, spleen and lung, suggesting 
that AP is associated with both local and 
systemic engagement of NFAT signaling. 
The role of NFAT was investigated by the 
use of a novel inhibitor, A-285222, which 
prevents nuclear accumulation of all NFAT 
isoforms (40). Indeed, it was observed that 
in vivo administration of this NFAT inhibitor 
completely blocked AP-induced NFAT-
dependent transcriptional activity not only in 
the pancreas but also in the aorta, spleen and 
lung, suggesting that A-285222 is an 
effective inhibitor of NFAT activation. 
Previous experiments in cynomolgus 

monkeys showed that the inhibitory effect of 
A-285222 on T-cell cytokine production was 
similar to that of CsA, when administered at 
concentrations that did not yield any toxic 
side effects (41). In this study, animals were 
treated with 7.5 mg/kg of A-285222 twice 
daily during 14 days, a regime that resulted 
in plasma levels between 1 and 2 µg/ml (2.4 
and 4.8 µM). In a recent study using mice, 
we found that lower doses (0.15 mg/kg) 
were sufficient to achieve NFAT-signaling 
inhibition in the vasculature and that the 
drug was well tolerated for a 4-week study 
period (42). In the current study, we treated 
the animals with 0.15 mg/kg twice daily for 
a week, which resulted in plasma levels in 
the nanomolar range and no side effects. 
Interestingly, at this low plasma level A-
285222 significantly reduced tissue damage 
in AP, as evidence by the reduction in 
taurocholate-induced serum amylase 
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Figure 7.  Activation of trypsinogen was measured in 
acinar cells from wild type and NFATc3-deficient mice. 
Cerulein was used to activate trypsinogen in acinar cells. 
The cells were pre-treated with vehicle or the NFAT 
blocker A-285222 (1 µM). Trypsinogen activation was 
determined by measuring enzymatic activity of trypsin 
fluorometrically by using Boc-Glu-Ala-Arg-MCA as the 
substrate as described in detail in Methods. Trypsin levels 
(RTU/pg) were calculated using a standard curve generated 
by assaying purified trypsin and normalized to protein 
concentration. Data represent means ± SEM and n = 5. 

#
P < 

0.05 versus control + vehicle and *P < 0.05 versus cerulein 
+ vehicle. 

and acinar cell necrosis by more than 41% 
and 69% respectively. This indicates that 
NFAT may regulate a substantial part of the 
tissue injury in pancreatitis. It is widely held 
that premature and local activation of 
proteolytic enzymes, such as trypsinogen, 
constitutes an early component in the 
pathophysiology of AP (5, 12). Activation of 
trypsinogen increases the formation of TAP, 
which has been shown to reflect disease 
severity in early phases of AP (43). In this 
context, it is worth to note that inhibition of 
NFAT activity attenuates TAP levels in the 
pancreas, indicating that NFAT signaling is 
involved in the activation of trypsinogen in 
AP. Interestingly, a recent study reported 
that FK506, a calcineurin inhibitor, 
ameliorates protease activation and tissue 
damage in AP (20). Considering that NFAT 
activity is regulated by calcineurin (27), our 
findings may help explain the protective 
effects exerted by FK506 in AP. 
Collectively, our data suggest a pathological 
role for the calcium/calcineurin-NFAT 
signaling axis in the development of AP 

similar to that proposed for the development 
of cardiac hypertrophy, diabetes-induced 
vascular inflammation and arteriosclerosis 
(39, 44, 45). Nonetheless, our present results 
constitute the first evidence that the NFAT 
signaling pathway plays an important role in 
protease activation and tissue injury in AP. 
Leukocyte accumulation at extravascular 
sites is a hallmark of inflammatory 
processes. Although the primary purpose of 
leukocyte recruitment is to protect against 
infection and promote wound healing, under 
certain circumstances leukocytes may cause 
tissue injury, such as graft rejection, 
cholestasis and sepsis (46-49). In fact, 
several studies have documented that 
neutrophil depletion markedly protects 
against tissue damage in pancreatitis, 
suggesting that neutrophil infiltration is a 
rate-limiting step in AP (9-12, 50). In the 
present study, we found that taurocholate 
challenge markedly increased MPO levels 
and the number of extravascular neutrophils 
in the pancreas. Treatment with A-285222 
significantly reduced both MPO activity 
(79%) and tissue neutrophils (71%) in the 
pancreas, indicating that NFAT signaling 
coordinates neutrophil infiltration in AP. 
Moreover, systemic complications of severe 
AP include neutrophil accumulation in the 
lung (51). Indeed, we found that 
administration of A-285222 significantly 
reduced the taurocholate-induced increase in 
MPO activity in the lung, suggesting that 
NFAT activity also regulates systemic 
pulmonary recruitment of neutrophils. 
Considered together, our results demonstrate 
that NFAT signaling controls both local and 
distant organ neutrophilia in AP. Specific 
chemokines secreted from resident tissue 
cells co-ordinate tissue navigation of 
leukocytes to sites of inflammation (28). 
CXC chemokines, such as CXCL2, are 
particularly potent activators of neutrophils 
and CXCL2 has been shown to play a 
significant role in AP (52). It was therefore 
of interest to examine local formation of 
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Figure 8. A) Confocal immunofluorescence images showing predominantly cytosolic distribution of endogenous NFATc3 under 
basal non-stimulated conditions (control, upper panels) and increased NFATc3 nuclear accumulation in response to 10 nM CCK 
stimulation for 7 min (lower panels). NFATc3 staining is shown in green, PI-stained nuclei in red, co- localization of the signals is 
shown in white in the merged images. Scale bars represent 10 µm. B) Summarized data from confocal experiments as in A, 
showing NFATc3 nuclear accumulation in response to 7, 20 and 50 min stimulation with 10 nM CCK. Results are expressed as 
fold of control; 

#
P < 0.05 versus control (331, 106 and 101 cells were examined from 8, 4 and 4 mice, respectively for each time-

point). 

CXCL2 in the pancreas in this study. We 
observed that taurocholate caused a clear-cut 
increase in CXCL2 formation in the 
pancreas. Notably, inhibition of NFAT 
activity reduced taurocholate-induced 
expression of CXCL2 by 78%, which may 
help explain the inhibitory effect of A-
285222 on neutrophil accumulation in AP as 
observed herein. Considering the critical role 
of neutrophils in pancreatitis (9-12, 50), our 
findings suggest that NFAT-regulated 
trafficking of neutrophils is a key component 
in the protective effects exerted by A-
285222 in AP. 

The NFAT family consists of four Ca2+-
dependent isoforms (NFATc1-c4), which are 
phosphorylated and located in the cell 
cytosol under basal conditions. Upon 
dephosphorylation by calcineurin, activated 
NFATs are translocated to the nucleus where 
they trigger the transcription of numerous 
pro-inflammatory genes (53). Having 
established that NFAT activity constitutes an 
important signaling pathway in AP, we next 
examined the pattern of NFAT isoform 
expression in the pancreas. Both NFATc1 

and NFATc3 were detected in pancreatic 
lobules and isolated acini. NFATc1-deficient 
mice are embryonic lethal due to a defect in 
cardiac development (54, 55). Hence, as an 
alternative approach to the pharmacological 
inhibition of NFAT with A-285222, we used 
NFATc3-deficient mice to further establish 
the role of NFAT signaling in AP. In these 
mice lacking NFATc3, taurocholate-induced 
increases in serum amylase and tissue 
damage in the pancreas were markedly 
attenuated. Moreover, they exhibited 
significantly decreased infiltration of 
neutrophils in the pancreas and lungs as well 
as reduced CXCL2 formation in the pancreas 
in response to taurocholate when compared 
to NFATc3 competent mice. Consistently, 
heterozygous NFATc3 mice had an 
intermediate phenotype between knockout 
and wild-type animals when inflammatory 
and tissue injury parameters were examined. 
These findings suggest for the first time that 
NFATc3 is an important regulator of 
neutrophil recruitment and tissue damage in 
AP. In this context, it is interesting to note 
that another isoform, NFATc2, appears 
instead to be a negative regulator of 
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lymphocyte and eosinophil accumulation in 
allergic inflammation (56, 57). Considered 
together with our data, it may be concluded 
that specific NFAT isoforms may exert 
opposing effects on leukocyte infiltration in 
different models of inflammation. Moreover, 
we found that taurocholate-induced 
formation of TAP in the pancreas was 
completely inhibited in NFATc3 gene-
deficient mice, indicating that NFATc3 is 
required for trypsinogen activation in AP. To 
define the role of NFAT signaling in 
regulating trypsin activity in acinar cells, we 
isolated pancreatic acini and stimulated them 
with the secretagogue cerulein. We observed 
that cerulein-induced trypsin activity in 
acinar cells was abolished by administration 
of the NFAT inhibitor A-285222. In 
addition, secretagogue-provoked trypsin 
activity was blunted in acinar cells isolated 
from NFATc3 gene-deficient mice. These 
results suggest that NFATc3-mediated cell 
signaling controls trypsinogen activation in 
the pancreas. This notion was also supported 
by our findings showing that secretagogue 
stimulation of isolated acinar cells resulted 
in a rapid and clear-cut increase in NFATc3 
nuclear accumulation. CsA, a calcineurin 
inhibitor, significantly decreased 
secretagogue-induced NFATc3 nuclear 
accumulation in acinar cells. This is in line 
with a previous study showing that inhibition 
of calcineurin ameliorates protease 
activation and tissue damage in the pancreas 
(20), and suggests that calcineurin-
dependent activation of NFATc3 may 
constitute a new and central signaling 
pathway in the regulation of trypsinogen 
activation, neutrophil recruitment and tissue 
injury in AP, which may open new 
opportunities to treat patients with AP. The 
NFAT signaling pathway has been well 
recognized in adaptive immunity, but little 
evidence exists to suggest a role for NFAT 
in innate immunity. Interestingly a recent 
study reported that toll-like receptor 
signaling in bone marrow-derived 

macrophages appears to be dependent on 
NFATc3 and NFATc4 activity (58). Our 
findings showing that NFATc3 is required 
for the induction of AP, a process dominated 
by increased activation of innate immunity, 
further strengthens the evolving concept that 
NFAT signaling may constitute a significant 
component in innate inflammatory 
processes. 

In conclusion, our data show that 
NFAT-dependent transcriptional activity is 
increased in AP and that inhibition of NFAT 
signaling ameliorates tissue damage in AP. 
Indeed, interference with NFAT activity 
reduced CXCL2 formation and neutrophil 
recruitment in the pancreas. Moreover, we 
demonstrate that NFAT signaling regulates 
trypsinogen activation in acinar cells and 
that in particular NFATc3 is an important 
molecular mediator in these processes. Thus, 
our results not only elucidate critical 
signaling mechanisms in pancreatitis but 
also suggest that targeting NFATc3 activity 
may be a useful strategy to protect against 
pathological tissue damage in AP. 

Materials and 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 
and University of Extremadura, Spain. Male 
mice of the following strains were bred and 
used at age 6-8 weeks (20-26 g): FVBN 9x-
NFAT-luciferase reporter mice (NFAT-luc) 
and wild-type littermates, as well as BALB/c 
NFATc3 knockout (NFATc3-/-), 
heterozygous (NFATc3 +/-) and wild-type 
littermates (NFATc3+/+) (59). NFAT-luc 
mice are phenotypically normal and express 
nine copies of an NFAT binding site from 
the interleukin-4 promoter, positioned 5' to a 
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minimal promoter from the α-myosin heavy 
chain gene (-164 to +16) and inserted 
upstream of a luciferase reporter gene (42). 
For isolation of pancreatic acinar cells for 
RT-PCR and confocal immunofluorescence 
experiments, male Swiss ICR (CD-1, Harlan 
Laboratory Models, Barcelona, Spain) mice 
were used. Animals 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 
anesthetized by intraperitoneal (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) 
per 100 g body weight in 200 µl saline. 
Analgesia was obtained by subcutaneous 
injection of buprenorfin hydrochloride 0.1 
mg/kg (Schering-Plough Corporation, New 
Jersey, USA). 
 
AP induction and experimental design 
 
AP was induced by retrograde infusion of 
bile salt (taurocholate) into the pancreas as 
previously described (60, 61). Briefly, the 
duodenum and the attached pancreatic head 
were exposed through a midline incision. 
The papilla of Vater was identified, the 
duodenum was immobilized by two 7-0 
prolene sutures and a small puncture was 
made through the duodenal wall in parallel 
to the papilla of Vater with a 23G needle. A 
polyethylene catheter (internal diameter 0.28 
mm) connected to a micro-infusion pump 
(CMA/100, Carnegie Medicin, Stockholm, 
Sweden) was introduced 1 mm into the 
pancreatic duct. The common hepatic duct 
was identified at the liver hilum and clamped 
with a neurobulldog clamp to prevent 
hepatic reflux. Overall 10 µl of either saline 
or 5% taurocholate (Sigma Chemical 
Company, St. Louis, Missouri, USA) was 
infused into the pancreatic duct at a rate of 2 

µl/min. Before suturing the abdominal wall, 
the bile duct clip was removed and the 
duodenal puncture wound closed (7-0 
prolene). Animals were sacrificed 24 h after 
induction of AP. Blood was obtained from 
the vena porta and plasma was frozen at -
20˚C. The stomach, duodenum and the 
pancreatic head were rapidly removed in one 
piece. The pancreatic head was carefully 
separated from the duodenum to avoid any 
contamination by mucosal enterokinase. 
Two thirds of the pancreatic sample was 
divided in two pieces and flash frozen in 
liquid nitrogen while the rest was fixed in 
formaldehyde. A piece of lung, aorta and 
spleen were also frozen for luciferase 
measurements. For in vivo experiments using 
NFAT-luc mice, animals were randomized 
into three groups: 1) a positive taurocholate-
infused group pre-treated with vehicle 
(saline), 2) a negative control also operated 
but infused with saline only and 3) a 
taurocholate-infused group treated with the 
NFAT blocker A-285222 (0.15 mg/kg body 
weight, administered i.p., twice daily for 1 
week and in the morning of the AP 
induction). To test the effects of 
pharmacological treatment on control 
healthy mice, an additional non-operated 
group received A-285222 as group 3 above. 
For experiments using BALB/C NFATc3 
knockout mice, animals were operated and 
infused either with taurocholate or saline as 
controls. A-285222 was kindly provided by 
Abbott Laboratories and has been previously 
described (40). 
 
Luciferase reporter assay 
 
Luciferase activity was measured in 
pancreas, aorta, lung, and spleen in NFAT-
luc mice treated as specified in the text. 
Assays were performed as previously 
described (31, 62) and optical density 
measured using a Tecan Infinite M200 
instrument (Tecan Nordic AB, Mölndal, 
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Sweden) and normalized to protein 
concentration and expressed as relative 
luciferase units (RLU) per µg protein. 
 
Blood amylase 
 
Amylase was quantified in serum with a 
commercially available assay (Reflotron®, 
Roche Diagnostics GmbH, Mannheim, 
Germany). 
 
MPO assay 
 
Frozen pancreatic and lung tissue were pre-
weighed and homogenized in one ml mixture 
(4:1) with PBS and aprotinin 10 000 KIE/ml 
(Trasylol®, Bayer HealthCare AG, 
Leverkusen, Germany) for one min. The 
homogenate was centrifuged (15339xg, 10 
min) and the supernatant was stored at -20°C 
and the pellet was used for MPO assay as 
previously described (63). In brief, the pellet 
was mixed with one ml of 0.5% 
hexadecyltrimethylammonium bromide. 
Next, the sample was frozen for 24 h and 
then thawed, sonicated for 90 sec, put in 
water bath 60°C for two 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 per gram tissue. 
 
CXCL2 levels  
 
Tissue levels of CXCL2 were determined in 
serum and pancreatic tissue by using double-
antibody Quantikine enzyme linked 
immunosorbent assay kits (R & D Systems 
Europe, Abingdon, UK) using recombinant 
murine CXCL2 as standard. The minimal 
detectable protein concentration is less than 
0.5 pg/ml. 
 

Histology 
 
Pancreas samples were fixed in 4% 
formaldehyde phosphate buffer overnight 
and then dehydrated and paraffin embedded. 
Six micrometer sections were stained 
(hematoxylin and eosin) and examined by 
light microscopy. The severity of 
pancreatitis was evaluated in a blinded 
manner by use of a pre-existing scoring 
system including evaluation of acinar cell 
necrosis, leukocyte infiltrate, edema and 
hemorrhage on a 0 (absent) to 4 (extensive) 
scale as previously described in detail (64). 
 
TAP levels 
 
Trypsinogen is activated to trypsin in a 
reaction where TAP is cleaved off and thus 
can be used as a marker of trypsinogen 
activation (43). Radioimmunosorbent assay 
was performed as described previously (65). 
A 0.1 M Tris HCl buffer (PH 7.5) containing 
0.15 M NaCl, 0.005 M EDTA and 2 g/l 
bovine serum albumin (BSA) (Sigma 
Chemical Company, St. Louis, Missouri, 
USA) was used as assay buffer. Samples of 
100 µl diluted in assay buffer were incubated 
(16 h, 4°C) with 200 µl of  [I125]-Tyr-TAP 
(=20 000 counts per min) in assay buffer and 
200 µl of antiserum diluted 1/750 in assay 
buffer. Parallel incubations with the 
synthetic activation peptides 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 
antibody precipitation. 100 µl of a cellulose 
coupled anti-mouse IgG suspension (Sc-
Cel® IDA, Boldon, England) was added to 
the samples. After 30 min of incubation one 
ml of water was added and tubes were 
centrifuged (704xg, 5 min, room temperature 
"RT"). The supernatant was decanted and 
radioactivity of the precipitate was counted 
in a γ-spectrophotometer. 

138



NFATc3 and Acute Pancreatitis 

 

 

 
Preparation of pancreatic acinar cells 
 
Pancreatic acini were prepared by 
collagenase digestion and gentle shearing as 
previously described (66), either from Swiss 
ICR (CD-1) mice for RT-PCR and confocal 
imaging experiments or from BALB/c wild 
type for the trypsinogen activation assay. In 
brief, animal killing was performed by 
cervical dislocation. Cells were suspended in 
a physiological solution (PS) containing 
(mM): 140 NaCl, 4.7 KCl, 2 CaCl2, 1.1 Mg 
Cl2, 10 glucose, 10 N-2-
hydroxyethylpiperazine-N-2-sulfonic acid 
(HEPES) and 0.1% BSA (pH 7.4) saturated 
with O2. During isolation of the cells used 
for confocal imaging and PCR procedure 
0.01% trypsin inhibitor (soybean) was added 
to this solution and then incubated with 
collagenase solution one mg/ml (Sigma 
Chemical Company, St. Louis, Missouri, 
USA) at 37°C under gentle agitation (60 
cycles/min, 15 min). After stopping the 
digestion by washing with collagenase free 
PS, the pancreas was agitated vigorously to 
release a mixture of single cells and acini to 
the medium. The supernatant was pipetted 
with a fire-polished plastic tip to further 
disintegrate cell clumps and washed twice by 
mild centrifugation to remove cellular debris 
(70xg, 1 min, 4ºC) then passed through a 
150 µm cell strainer (Partec®, Münster, 
Germany). Viability of the pancreatic acinar 
cells was higher than 95% as determined by 
trypan blue dye exclusion. 
 
Trypsinogen activation in isolated 
acinar cells 
 
Isolated acinar cells (1 x 107 cells per well) 
were preincubated in PS with A-285222 (1 
µM) or vehicle (20 min, 37°C), after which 
they were stimulated with 100 nM cerulein 
(1 h, 37°C). The buffer was then discarded 
and cells washed twice with a buffer (pH 

6.5) containing 250 mM sucrose, 5 mM 3-
(morpholino) propanesulphonic acid 
(MOPS) and 1 mM MgSO4. Cells were then 
homogenized in cold (4°C) MOPS buffer 
using a potter Elvejham glass homogenizer 
and centrifuged (56xg, 5 min). Trypsin 
activity was measured fluorometrically using 
Boc-Glu-Ala-Arg-MCA as the substrate as 
described previously (67). For this purpose 
200 µl 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/µg) were 
calculated using a standard curve generated 
by assaying purified trypsin, normalized to 
protein concentration and expressed as 
relative trypsin units (RTU) per pg protein. 
 
gas chromatography/mass 
spectrometry (GC/MS) 
 
To measure the concentration of A-285222 
in plasma, blood from healthy controls and 
taurocholate infused mice was collected 
from the portal vein at the time of 
euthanasia. Plasma was pooled from 5-6 
mice for each experimental condition. 
Pooled plasma from 5 mice treated with 
saline was used as a negative control. All 
samples were run in duplicates in a 
randomized order. A known concentration 
(2.5 μM) of the analogous compound A-
216491 was added as an internal standard to 
all plasma samples. Samples (300 µl) were 
extracted twice with ethyl acetate (400 µl), 
followed by evaporation. The dried residues 
were finally redissolved in chloroform (30 
µl) for GC/MS analysis. Identification was 
based on mass spectra and retention indexes, 
calculated from the injection of a 
homologous series of n-alkanes. The 
concentration of A-285222 in plasma was 
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determined using a calibration curve 
calculated from analyses of plasma from 
untreated mice, spiked with known 
concentrations of A-285222 and A-216491. 
 
NFAT isoform expression 
 
Pancreas from young (18-22 days) and adult 
(5-6 weeks) mice were removed and placed 
in PS solution with trypsin inhibitor. To 
obtain lobules, pancreas was cut in small 
pieces of 10 mg and washed in PS. Acinar 
cells were obtained as explained above. For 
RNA isolation, tissue or cells was placed in 
RNA Later (Ambion, Applied Biosystems, 
Madrid, Spain) immediately after harvesting 
and RNA was later isolated using Trizol 
(Invitrogen Life Technologies, Paisley, UK) 
as previously described (31). Total RNA was 
further purified using RNeasy Mini Kit 
(Qiagen, Valencia, CA) with simultaneous 
DNase treatment (Qiagen, Valencia, CA). 
For cDNA synthesis, 2 µg of total RNA was 
used for reverse transcription with the 
Sensiscript Reverse Transcription Kit 
(Qiagen, Valencia, CA) with oligo-dT 
primers according to the manufacturer’s 
instructions. Primer sequences and cycling 
conditions for NFAT family members were 
performed as previously described (31), with 
the following modification of annealing 
temperatures for mouse samples: NFATc1: 
46.5ºC, NFATc2: 50.0ºC, NFATc3: 54.0ºC 
and NFATc4: 44.0ºC. GAPDH primers used 
were forward: 5’-
TCACCATCTTCCAGGAGCGA-3’ and 
reverse: 5’-
CACAATGCCGAAGTGGTCGT-3’. The 
HotStarTaq Master Mix Kit (Qiagen, 
Valencia, CA) was used for the PCR 
reaction and products were analyzed on a 
1.5% agarose gel. cDNA from mouse 
thymus and spleen were used as positive 
controls. 
 
Confocal Immunofluorescence 

Pancreatic acinar cells were seeded on 
coverslips and stimulated with or without the 
agonists CCK (10 pM or 10 nM) or ACh (10 
µM) for various times as indicated in the 
text, or with or without the calcium 
ionophore ionomycin (10 µM, 10 min); each 
stimuli in the presence or absence of the 
calcineurin inhibitor CsA (1µM, 30 min). 
Treatments were done in PS at RT. For 
measurements of NFATc3 nuclear 
accumulation, experiments were performed 
as previously described (31). Briefly, cells 
were fixed with 4% paraformaldehyde in 
PBS (15 min, RT), permeabilized with 0.2% 
TritonX-100 in PBS (15 min, RT) and 
blocked with 2% BSA in PBS for 2 h. 
Primary antibody, rabbit polyclonal anti-
NFATc3 (1:250, Santa Cruz Biotechnology, 
Inc) and FITC-labeled secondary antibody, 
goat anti-rabbit IgG (1:250, Santa Cruz 
Biotechnology, Inc) were used. Prior 
staining with the nucleic acid dye PI (1 
µg/ml, Molecular Probes, Invitrogen Life 
Technologies, Paisley, UK) for nuclear 
identification, cells were treated with 
ribonuclease A type X-A (Sigma Chemical 
Company) (30 min, 37ºC) to remove 
cytosolic RNA and increase the specificity 
of the PI for nuclear DNA. Cells were 
examined at x60 magnification using a Bio-
Rad MRC 1024ES laser scanning confocal 
microscope (Bio-Rad Lab, Life Sciences 
Division, CA, USA). Specificity of immune 
staining was confirmed by the absence of 
staining when primary or secondary 
antibodies were omitted. FITC and PI were 
excited at 488 nm and the emitted light was 
collected through 515/30-nm and 605/32-nm 
bandpass filters, respectively. Multiple fields 
for each coverslip were acquired and images 
analyzed using Image J software (NIH, 
Bethesda, MD, USA). Red fluorescent PI 
images were used to generate a mask to 
define the nuclear area. Mean fluorescence 
intensity of NFATc3 (green) in the nuclear 
area of each cell was determined and 
normalized to the mean nuclear NFATc3 
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fluorescence of the matched control. The 
number of cells examined and animals used 
for each experimental condition is indicated 
in the figure legend. 
 
Statistics 
 
Data are presented as mean values ± 
standard errors of the means (SEM). 
Statistical evaluations were performed by 
using non-parametrical tests (Mann-
Whitney). P < 0.05 was considered 
significant and n represents the number of 
animals. 
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Supplemental Figure 1. Summarized data from confocal immunofluorescence experiments showing NFATc3 nuclear 
accumulation after stimulation with: A) 10 nM CCK for 7, 15 or 30 min (121, 687 and 103 cells were examined from 4, 12 and 4 
mice, respectively for each time-point); and B) 10 µM Ach for 7, 20 and 50 min (426, 185 and 142 cells were examined from 12, 
4 and 4 mice, respectively for each time point). C) Agonist-induced NFATc3 nuclear accumulation was prevented by pre-
incubation for 30 min with CsA (10 µM). Incubation for 10 min with ionomycin (10 µM) resulted in increased NFATc3 nuclear 
accumulation, while CsA alone had no effect. 

#
P < 0.05 versus control and *P < 0.05 for “agonist + CsA”-treated cells versus 

corresponding agonist alone. At least 120 cells were examined and 4-12 mice were used in each group. Data is expressed as fold 
of controls in all graphs. 
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