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Abstract
The aim of the present study was to investigate the potential effect of treatment with a platelet-activating factor (PAF) antagonist,

lexipafant (BB-882), on gut endothelial and epithelial barrier dysfunction and leukocyte recruitment in rats with acute pancreatitis. Severe

acute pancreatitis was induced by the intraductal administration of 5% sodium taurodeoxycholate and pancreatitis-associated gut barrier

dysfunction was characterized by increased exudation of radiolabelled albumin into the interstitium and alterations in bidirectional (over

both the endothelial and epithelial barrier components) permeability of the intestine at the early stage of bile salt-induced acute

pancreatitis. Levels of interleukin 1b and 6, ileal and colonic myeloperoxidase (MPO) content, clearance of radiolabelled albumin from

blood to the gut lumen or gut lumen to blood, and leakage of radiolabelled albumin to the ileum or colon were measured 3 and 12 h after

induction of acute pancreatitis. Treatment with lexipafant 30 min and 6 h after pancreatitis reduced severity of pancreatitis-associated

intestinal dysfunction, associated with a diminish in systemic concentrations of IL-1 and local leukocyte recruitment. The findings imply

that PAF plays a critical role in the development of pancreatitis-associated gut barrier dysfunction and that PAF antagonist in some forms

may represent potential candidates for future therapeutic intervention.

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Pancreatitis-associated complications originating in

the gastrointestinal tract [7] have been considered to

contribute to mortality. Intestinal reactions during and

after acute pancreatitis include inflammatory alterations,

disturbed motility, stenosis, ulcerations, bleeding, ische-

mia, necrosis, and perforation [3,6,15]. Furthermore,

pancreatitis-associated failure of the gastrointestinal

tract, characterized by translocation of enteric bacteria

to extraintestinal sites and the systemic circulation (gut

origin sepsis) [13,17], might explain the pathogenesis of

pancreatic and peripancreatic infections, considered

responsible for up to 80% of deaths in patients with

acute pancreatitis [2,12]. Potential mechanisms by which

enteric bacteria pass through the intestinal barrier have
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been suggested to be associated with impaired intestinal

motility, disturbed enteric bacterial ecology, increased

adhesion of pathogenic bacteria onto the surface of

mucosal epithelial cells, mucosal endothelial barrier

dysfunction, overactivation of local macrophages

together with decreased systemic immune defense func-

tion, mucosal ischemia and poor oxygen extraction

[11,16–19]. Inflammatory mediators produced and

released during acute pancreatitis have been suggested

as potential early markers of disease severity and as

critical links in the pathogenesis and pathophysiology

of the disease. These mediators include interleukins (IL),

polymorphonuclear enzymes, oxygen free radicals, pla-

telet-activating factor (PAF), and adhesion molecules [8].

The aim of the present study was to investigate pancrea-

titis-associated gut barrier dysfunction, leukocyte recruit-

ment and systemic levels of interleukins in experimental

acute pancreatitis and the potential effect of treatment

with a platelet-activating factor antagonist.
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2. Methods and materials

2.1. Animals

Adult male Sprague–Dawley rats, weighing about 250 g,

were fed standard rat chow (R3, Astra-Ewos, Södertälje,

Sweden) and water ad libitum. The rats were allowed to

acclimatize to our laboratory conditions for 4–6 days and

were subjected to a regime of 12 h day/night cycle living in

mesh stainless-steel cages (3 rats/cage) at constant tem-

perature (22 8C). The protocol was approved by the Ani-

mal Ethics Committee at Lund University. All animals

were handled in accordance with the guidelines set forth by

the Swedish Physiological Society.

2.2. Induction of acute pancreatitis

The rats were operated on under aseptic conditions using

ether anesthesia. Acute hemorrhagic pancreatitis was

induced by the intraductal administration of 0.2 ml

0.025 M glycylglycin–NaOH buffer, pH 8.0, containing

5% sodium taurodeoxycholate, by the use of an infusion

pump at a speed of 0.04 ml/min, following clamping of the

proximal end of the common bile duct, and cannulation of

the biliary-pancreatic duct by a thin polyethylene catheter

(0.66 mm o.d., Portex Ltd., Hythe, Kent, UK), after ster-

ilizing the solution of sodium taurodeoxycholate at 100 8C
for 20 min. Sham operation (controls) included laparotomy

and isolation of the common bile duct similar to what was

performed in the experimental group, though without bile

injection.

The animals were randomly allocated into four groups:

(1) sham operation with saline; (2) sham operation with

lexipafant, a (S)-4methyl-2-{methyl-[4-(2-methyl-imidazo-

{4,5-c}pyridin-1-ylmethyl)-benzenesulphonyl]-amino}-

pentanoic acid ethyl ester (BB-882, British Biotech Ltd.,

Oxford, UK); (3) acute pancreatitis with saline; and (4)

acute pancreatitis with lexipafant. Measurements were

performed 3 and 12 h after induction of acute pancreatitis

or sham operation (n = 12 rats/group and n = 6 rats/time

point). Sterile saline or lexipafant (5 mg/kg) in a volume of

0.2 ml was injected intraperitoneally 30 min and 6 h after

sham operation or induction of pancreatitis.

2.3. Measurements of capillary endothelial permeability

Red blood cells (RBC) were labeled with 51Cr (New

England Nuclear, Boston, MA, USA) during 20 min incu-

bation at room temperature and then washed twice with

physiological saline. The radioactivity was about

1.5 � 106 cpm/ml. Endothelial permeability was assessed

by the passage of 125I-labeled human serum albumin (HSA,

Institutt for engergiteknikk, Kjeller, Norway) from blood

to the intestine. One milliliter 125I-HSA (106 cpm radio-

activity) was injected into the femoral vein. After 1-h

equilibration, 1 ml blood was drawn from the femoral
vein, followed by injection of 51Cr-RBC (105 cpm/ml).

The animals were sacrificed by an over-dose of ether 2 min

after the RBC injection. The intestine was harvested and

cleared of external blood by blotting dry. The radioactivity

of 125I and 51Cr in blood and tissue samples was measured

in a gamma-counter (1272 Clinigamma, LKB, Wallac OY,

Finland) after that the samples were weighed for determin-

ing wet tissue weight.

Capillary endothelial permeability was assessed by

leakage of the radioisotope from blood into the tissues

and expressed as isotopic flux, defined as the proportion of
125I-radioactivity per gram tissue sample compared with

per gram blood as described previously [12]. To assay

possible redistribution of tissue blood, tissue blood content

(TBC) was calculated by the proportion of counts 51Cr

reference per gram tissue sample and counts 51Cr reference

per gram blood sample. In order to correct for potential

differences in the vascular surface area available for

exchange of albumin, the albumin leakage index (ALI)

was calculated by dividing the extravascular protein accu-

mulation in each tissue by assuming that all 51Cr-labeled

RBC remained intravascularly, using the formula: albumin

leakage index = (extravascular tissue 125I counts/125I

counts per gram blood)/tissue blood content. Tissue blood

content was calculated as 51Cr-RBC counts per gram

tissue/51Cr-RBC counts per ml blood. Extravascular tissue
125I counts was obtained by the subtraction of counts 125I

reference per gram blood sample multiplied by tissue blood

content from counts 125I reference per gram tissue.

2.4. Assays of IL-1b and IL-6

Serum levels of IL-1b and IL-6 were determined by an

enzyme linked-immuno-sorbent assay. Antibodies specific

for rat IL-1b and IL-6 were coated onto the wells of the

microtiter strips provided (BioSource International,

Camarillo, CA, USA). After that the samples, including

standards of known rat IL-1b and IL-6 content (Bio-

Source), were pipetted into the wells, incubated, and

washed, the intensity of the colored product, using the

streptavidin–peroxidase system, was measured by a spec-

trophotometer with 450 nm lengthwave, directly propor-

tional to the concentration of IL-1b and IL-6.

2.5. Leukocyte recruitment

Following harvest of the intestinal samples, they were

immediately frozen in liquid nitrogen, and stored at

�70 8C until measurements. The samples (100–200 mg)

were weighed, put in ice-cold potassium phosphate buffer

(20 mM, pH 7.4), and homogenized for 30 s. The suspen-

sion was centrifuged at 10,000 rpm for 15 min at 4 8C and

the supernatant discharged in order to avoid influence

caused by hemoglobin. The precipitates were rehomo-

genized with 50 mM PBS with 0.5% hexadecyltrimety-

lammoniumbromide and 10 mM EDTA, followed by
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Fig. 1. Human serum albumin (HSA) leakage index in the ileum (A) and

colon (B) 3 and 12 h after sham operation or induction of acute pancreatitis

and treatment with either saline or lexipafant: (*) and (**) stand for p < 0.05

and 0.01, respectively, as compared to sham operation and saline; (++)

stands for p < 0.01 as compared to acute pancreatitis and saline.
sonicating, freezing, thawing and homogenizing twice in

order to permeate cellular membranes. The reaction

was terminated by 0.2 M acetate sodium (pH 3.0) after

3-min-incubation at 37 8C with the reaction solution

containing 0.5% hexadecyltrimetylammoniumbromide,

1.6 mM 3,30,5,50-tetrametylbenzidine and 0.3 mM H202

in 80 mM PBS (pH 5.4) [13]. Tissue leukocyte recruitment

was reflected by units of myeloperoxidase (MPO) activity

[4], defined as change in one-min absorbance at 655 nm.

2.6. Intestinal barrier permeability

Bidirectional permeability of an isolated ileal loop was

measured as previously described [14] in another 48

animals subjected to sham operation or pancreatitis treated

with saline or lexipafant. All animals were anesthetized by

the intraperitoneal injection of pentobarbital (45 mg/kg).

Cannulae were inserted into the left femoral artery for

measuring the arterial pressure and for the sampling of

blood (0.2 ml). The femoral vein was catheterized for

administering drugs and fluids. The body temperature

was maintained at 37 8C by use of a heating pad and lamp.

A loop of distal ileum (10–12 cm proximal from the

cecum), approximately 12–15 cm in length, was isolated

and cannulated at both ends with soft polyethylene tubes.

The intestinal continuity was restored by anastomosing the

remaining parts of the intestine. The ileal loop was gently

flushed with physiological saline and returned into the

abdominal cavity. The tubes extending from the loop were

brought out through two openings in the right and left

lower abdominal wall and fixed there. The abdominal wall

was closed in order to minimize evaporation of fluid and to

avoid hypothermia. The proximal catheter was connected

to an injection pump and the loop was perfused with warm

lactated Ringer’s solution at the rate of 0.5 ml/min. The

perfusate included 131I-labeled human serum albumin (131I-

HSA) at about 2.5 � 105 counts per milliliter (cpm). One ml

of 125I-labeled HSA, containing 106 cpm, was injected

through the femoral vein catheter. Blood samples (0.2 ml)

and perfusate (1 ml) from the effluent ileal cannula were

harvested at 30 min intervals for 90 min. An equivalent

volume of warmed lactated Ringer’s solution was injected

to maintain the blood volume. The radioactivity in plasma

and the perfusate was measured in a gamma scintillation

counter (Model 5320; Packard Instruments Co., Legona

Hills, CA, USA). At the end of the study period, the animals

were killed by an overdose of pentobarbital intravenously

and the ileal loop was removed and weighed. Isotopic

clearance of 125I-HSA or 131I-HSA from either blood to

the intestinal lumen or from the intestinal lumen to blood

at the various time points measured were calculated

using the formula: ClearanceBL (ml/min/l00 g tissue; from

blood to lumen) = [perfusate (cpm/ml) � perfusion rate

(ml/min) � 100]/[plasma (cpm/ml) � sample weight

(g)]. ClearanceLB (ml/min/l00 g tissue; from intestinal

lumen to blood) = [plasma (cpm/ml) � perfusion rate
(ml/min) � 100]/[perfusate (cpm/ml) � sample weight

(g)]. Mucosal and intestinal edema was assessed by the

wet and dry tissue weight ratios. Permeability of the

capillary endothelial barrier was evaluated by the leakage

of 125I-HSA into the interstitial space, expressed by the HSA

leakage index and the permeability of the intestinal barrier

from the circulation to the intestinal lumen, expressed by the

ClearanceBL. Permeability of the mucosal epithelial barrier

was assayed by isotopic clearance from the intestinal lumen

to the systemic circulation, expressed by the ClearanceLB.

2.7. Statistics

Unpaired Student’s t-test or non-parametric test (Mann–

Whitney rank sum test) was used after ANOVA. A prob-

ability of <0.05 was considered as significant. Values are

expressed as mean � S.E.M.
3. Results

An increase in HSA leakage index from the systemic

circulation to the interstitial tissues was noted in the ileum
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Fig. 2. Clearance of radiolabeled albumin from the gut lumen to blood (A)

or from blood to the gut lumen (B) 3 h after sham operation or induction of

acute pancreatitis and treatment with saline or lexipafant. Total perfusion

time 90 min: (*) and (**) stand for p < 0.05 and 0.01, respectively, as

compared to sham operation and saline; (+) stands for p < 0.05 as compared

to acute pancreatitis and saline.
after both 3 and 12 h ( p < 0.05, respectively, Fig. 1A) and

in the colon at 12 h ( p < 0.01, Fig. 1B) in animals sub-

jected to pancreatitis and treatment with saline, as com-

pared to animals treated with saline or lexipafant and

challenged with sham operation or pancreatitis animals

treated with lexipafant (Fig. 1). There was no statistical

difference of the leakage index in the colon between

lexipafant-treated animals challenged with sham operation

or acute pancreatitis. Clearance of plasma albumin from

the gut lumen to blood or from blood to the gut lumen

significantly increased 3 and 12 h after induction of pan-

creatitis in animals treated with saline, as compared to

those treated with saline or lexipafant and challenged with

sham operation ( p < 0.01, Figs. 2 and 3, respectively).

Treatment with lexipafant significantly reduced pancrea-

titis-induced increased clearance from gut lumen to blood

(Fig. 2A) or from blood to lumen (Fig. 2B) at 3 h, but the

level still was significantly higher than sham-operated

animals with saline or lexipafant ( p < 0.05, respectively,

as pancreatitis with saline or sham operation with saline or

lexipafant).

At 12 h, clearance of radiolabelled albumin from gut

lumen to blood in animals with pancreatitis and lexipafant

treatment was significantly lower than in those with pan-

creatitis and saline treatment ( p < 0.01), but still higher

than sham-operated animals ( p < 0.05, Fig. 3A). Treat-

ment with lexipafant significantly reduced pancreatitis-

increased clearance of albumin from blood to gut lumen

till levels of sham-operated animals with saline or lexipa-

fant (Fig. 3B). The levels of clearanceLB at 12 h (0.0148–

0.0174 at 90 min) was higher as compared to those noted at

3 h (0.0108–0.0131 at 90 min) in animals with pancreatitis

and saline, while the levels at 12 h (0.0082–0.0115 at

90 min) in animals subjected to pancreatitis and treatment

with lexipafant was similar to those that could be seen at

3 h (0.0084–0.0100 at 90 min).

Serum levels of IL-1b in animals with pancreatitis,

treated either with saline or lexipafant, were significantly

higher than seen in sham operation at both 3 and 12 h

(Fig. 4A). Serum levels of IL-1b in animals with pancrea-

titis and lexipafant were significantly lower than in those

with pancreatitis and saline ( p < 0.05 and 0.01 at 3 and

12 h, respectively). Similar changes of serum levels of IL-6

were noted in acute pancreatitis treated with saline or

lexipafant, levels in all animals varied from 30 to 75 pg/

ml (Fig. 4B). Ileal MPO content significantly increased

( p < 0.05 and 0.01, respectively) 3 and 12 h after induc-

tion of pancreatitis and saline-treatment, as compared to

animals with sham operation or pancreatitis with lexipafant

(Fig. 5A). The ileal MPO content in pancreatitis animals

with lexipafant was significantly higher ( p < 0.05) than in

sham-operated animals at 12 h. A significant increase

in colonic MPO content was noted 3 ( p < 0.05) and

12 h ( p < 0.01) after induction of pancreatitis in saline

treated animals as compared with animals with sham

operation or pancreatitis animals with lexipafant (Fig. 5B).
No difference was seen between sham operation and

pancreatitis animals treated with lexipafant.
4. Discussion

Platelet-activating factor is a biologically active phos-

pholipid stored in its precursor form within cell mem-

branes, representing an intercellular signal responsible for

cell communications, and an inflammatory mediator in the

pathogenesis of inflammation. The involvement of PAF in

the pathophysiology of pancreatitis-associated distant

organ dysfunction is implied by the increase in pulmonary

tissue levels of PAF as noted 12 h after induction of

experimental pancreatitis, accompanied by progression

of the pulmonary injury [21]. Pancreatitis-induced release

of phospholipase A2 might be responsible for local pul-

monary PAF accumulation [22], resulting in concomitant

development of acute lung injury. Clinical studies have
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Fig. 3. Clearance of radiolabeled albumin from the gut lumen to blood (A)

or from blood to the gut lumen (B) 12 h after sham operation or induction of

acute pancreatitis and treatment with saline or lexipafant: (*) and (**) stand

for p < 0.05 and 0.01, respectively, as compared to sham operation and

saline; (++) stands for p < 0.01 as compared to acute pancreatitis and saline.

Fig. 4. Serum levels of interleukin-1b (IL-1) (A) and interleukin-6 (IL-6)

(B) 3 and 12 h after sham operation or induction of acute pancreatitis and

treatment with saline or lexipafant: (*) and (**) stand for p < 0.05 and 0.01,

respectively, as compared to sham operation and saline; (+) and (++) stand

for p < 0.05 and 0.01, respectively, as compared to acute pancreatitis and

saline.
reported that lexipafant treatment reduced serum levels of

interleukin-8, interleukin-6, and polymorphonuclear elas-

tase-alphal-antitrypsin, and decreased organ failure and the

incidence of organ failure in severe acute pancreatitis

[10,20]. The present experimental study further supports

the beneficial effects of treatment with the PAF antagonist

lexipafant (BB-882), as severity of pancreatitis-associated

intestinal barrier dysfunction ameliorated.

Pancreatitis-associated gut barrier dysfunction has been

characterized by the passage of enteric bacteria through the

mucosal barrier to extraintestinal sites (bacterial transloca-

tion), impaired intestinal motility, and increased intestinal

permeability [11,13,17,20]. Alterations in intestinal per-

meability represent a characteristic of mucosal barrier

dysfunction in a variety of clinical conditions, e.g. ische-

mia and reperfusion, inflammation, sepsis, and others,

associated with the development of the multiple organ

dysfunction syndrome. Intestinal permeability in experi-

mental acute pancreatitis has been measured by the in vivo

leakage of radio-isotopic-labeled albumin and the in vitro

passage of small molecular markers (sodium fluorescein
and EDTA) and a macromolucular marker (ovalbumin)

through the distal ileum and colon from the mucosal to the

serosal site in Ussing chambers [20]. An increase in the

transport of small markers was followed by increased

passage of the macromolecular marker. The early occur-

rence of increased intestinal permeability has also been

reported in humans with severe acute pancreatitis [9]. In

the present study, pancreatitis-associated intestinal barrier

dysfunction was characterized by an increase in both

mucosal endothelial barrier permeability, measured by

the exudation of plasma albumin as referred with tissue

blood content and the passage of plasma albumin into the

intestinal lumen, and mucosal epithelial barrier perme-

ability as reflected by the transport of labeled albumin from

the gut lumen to the systemic circulation.

Our data demonstrates that (1) both endothelial and

epithelial permeability increased after induction of pan-

creatitis; (2) an increase in epithelial permeability seemed

to depend on time after induction of pancreatitis; and (3)

treatment with lexipafant reduced severity of pancreatitis-

associated endothelial and epithelial barrier dysfunction.

It seems that lexipafant improved pancreatitis-associated

gut injury by normalizing mucosal endothelial barrier

function at 12 h, while the reversed gut barrier perme-

ability by lexipafant was still higher in animals with
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Fig. 5. Tissue myeloperoxidase content in the ileum (A) and colon (B) 3 and

12 h after sham operation or induction of acute pancreatitis and treatment

with saline or lexipafant: (*) and (**) stand for p < 0.05 and 0.01,

respectively, as compared to sham operation and saline; (+) and (++) stand

for p < 0.05 and 0.01, respectively, as compared to acute pancreatitis and

saline.
pancreatitis than whose with sham operation. It indicates

that other factors may be involved in the development of

pancreatitis-associated gut barrier dusfunction. Compar-

ing to our previous study on the effect of pretreatment

with lexipafant on prevention of pancreatitis-associated

gut barrier dysfunction [1], it seems that pretreatment

with lexipafant was more efficient in reducing pancrea-

titis-associated gut barrier dysfunction than the presently

early inserted treatment. This implies that PAF may not

only be a primary mediator to trigger the initiation of

pancreatitis-associated mucosal injury, continuously par-

ticipates in the development and further aggravation of

the disease. Major contributions of PAF during inflam-

matory reaction include the role as an inflammatory

stimulator activating the leukocyte system which then

can produce and release a variety of secondary inflam-

matory mediators, and to provoke the exposure of adhe-

sion molecules on the surface of endothelial cells and

leukocytes which can result in leukocyte rolling and

adhesion on the endothelium and migration between

the endothelial cells to the interstitium [5,24]. It is pos-

sible that lexipafant may neutralize PAF receptors on the
surface of endothelial cells, and reduce intercellular

signaling, down-regulate the activation of leukocytes

and macrophages and the interaction between leukocytes

and endothelial cells, and maintain integrity of the

endothelial barrier.

Clinical studies have reported that lexipafant treatment

reduced serum levels of IL-8 in patients with severe acute

pancreatitis, associated an improvement of the prognosis

from pancreatitis-associated multiple organ failure,

together with a decline in IL-6, E-selectin, and poly-

morphonuclear elastase-alphal-antitrypsin [10]. Compar-

ing the levels of cytokines in acute pancreatitis, levels of

the IL-1-receptor-antagonist (anticytokine system) were

15 times higher than the levels of IL-6 and 150 times

higher than IL-8 at the early stage of severe acute

pancreatitis [14], indicating that alterations in the IL-1

and anti-IL-1 patterns may represent a critical link in the

pathophysiology of pancreatitis. IL-1 can compromise

endothelial barrier integrity probably by over-activating

leukocytes, initiating the release of inflammatory med-

iators (e.g. oxygen free radicals and nitric oxide) from

leukocytes and endothelial cells, or enhancing the inter-

action between these cells. On the other hand, compro-

mised endothelial cells can increase the synthesis and

secretion of IL-1. The endothelial-dependent effects of

IL-1 have been suggested to have an important role in the

pathophysiological process [12]. Data from the present

study demonstrated a strong correlation between plasma

levels of IL-1 and the exudation of plasma albumin into

the interstitium. Treatment with lexipafant, a PAF

antagonist, reduced the otherwise occurring pancreati-

tis-induced increase in plasma levels of IL-1, especially

at 12 h after induction, although IL-1 appeared positive in

both pancreatitis animals treated with saline and lexipa-

fant as compared to sham-operated animals. Lexipafant

has partial effects on reduction of pancreatitis-induced

increase of circulating IL-1 and IL-6 at 12 h, indicating

that the PAF receptor may be partially involved in the

production of these cytokines, probably through the

reduction of leukocyte activation and infiltration into

the local tissue. Although the exact mechanisms by

which PAF receptors are involved in the production of

cytokines, PAF was found to directly stimulate the synth-

esis and production of IL-1, TNFa, and IL-6 in human

neutrophils in the in vitro condition, and inhibitory

effects of PAF antagonists highly varied among their

specificities acting with receptors [23].

In conclusion, pancreatitis-associated gut barrier dys-

function was characterized by increased exudation of

plasma albumin into the interstitium and alterations in

bidirectional permeability of the intestine at the early stage

of bile-induced acute pancreatitis. Treatment with lexipa-

fant, a PAF antagonist, early during the course of disease,

reduced the severity of pancreatitis-associated intestinal

dysfunction, associated with a diminish in systemic con-

centrations of IL-1 and local leukocyte recruitment.
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