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Objective
To determine whether expression of P- and E-selectin mole-
cules is associated with the development of systemic organ
manifestations in acute pancreatitis (AP).

Summary Background Data
Overproduction of inflammatory cytokines in AP induces ex-
pression of adhesion molecules, which may lead to increased
leukocytic infiltration and tissue damage. Understanding the
temporal expression of these molecules could afford better
measures for therapeutic intervention.

Methods
Acute pancreatitis was induced in 30-day-old female C57/
bl/6J mice by feeding a choline-deficient/ethionine-supple-
mented diet (n 5 95). Mice were divided into three groups.
Group I (n 5 35) was used to study the biochemical
and histologic manifestations of AP and to evaluate the
neutrophilic infiltration by myeloperoxidase activity and
immunofluorescence. Groups II (n 5 35) and III (n 5
25) were used to evaluate expression of P- and E-selec-
tin by the dual radiolabeled monoclonal antibody tech-
nique.

Results
Biochemical and histologic evidence of AP developed in all
mice. The inflammatory cytokine tumor necrosis factor-a
gradually increased in serum as early as 18 hours, reaching
more than 800-fold background levels by 72 hours. Biphasic
P-selectin expression in the lung was seen with peaks at 24
and 48 hours; E-selectin expression peaked at 48 hours.
CD18-positive leukocytes and increased myeloperoxidase
activity in the lung were demonstrated at 24 hours, correlating
with the onset of selectin upregulation. Histologic scoring of
lung tissue demonstrated mild damage at 24 hours, with pro-
gressive injury occurring from 48 to 72 hours.

Conclusions
In AP, the production of inflammatory cytokines precedes up-
regulation of P- and E-selectin, whose expression coincided with
the increased infiltration of CD18-positive cells and neutrophil
sequestration in lung tissue. Temporally, these events correlate
with evidence of histologic pulmonary injury and underscore the
role of adhesion molecules as mediators of pathophysiologic
events. This mechanistic pathway may afford novel therapeutic
interventions in clinical disease by using blocking agents to ame-
liorate the systemic manifestations of AP.

Acute pancreatitis (AP) is a multiple system disorder that,
in its severe state, has manifestations sometimes indistin-

guishable from those seen in septic shock. Like sepsis, the
death and complications related to this disease are due to the
respiratory distress syndrome and multiple organ failure that
ensue in severe cases.1,2 Data from our laboratory as well as
others have proven that cytokines (tumor necrosis factor-a
[TNFa, interleukin [IL]-1, IL-6) released during the early
stage of the disease are mediators of the associated systemic
manifestations3,4 and that by blocking the cytokine cascade
in its early stage, amelioration of the disease and its sys-
temic complications occurs.5,6 The difficulty in applying
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these findings to clinical practice is that most patients are
seen after the systemic damage is manifested. Thus, there is
a need to develop a therapeutic strategy that intervenes in
later stages of the disease. To achieve this goal, we need to
define the pathophysiologic mechanisms associated with
disease progression.

The release of inflammatory mediators such as TNFa and
IL-1b during AP propagates a complex cascade of events
between the tissue vasculature and the inflammatory cell.
Inflammatory cytokines have been shown to mediate organ
damage by their action on vascular endothelia and leuko-
cytes in part by upregulating the expression of adhesion
molecules, which in turn promote rolling, adhesion, aggre-
gation, and transmigration of leukocytes into the involved
tissues.7 Cytokines stimulate the endothelial cell mem-
branes and induce upregulation of selectin molecules, which
bind to the leukocytes through their respective receptors.
This causes rolling of the leukocytes along the postcapillary
venule wall. Activation of the intracellular adhesion mole-
cules (ICAM) and vascular cell adhesion molecules
(VCAM) on the endothelial cells promotes firm adhesion of
leukocytes to the vascular endothelium and facilitates their
transmigration into the tissue.8 Inflammatory cells are then
free to respond to the inciting event by releasing enzymes
and reactive oxygen species that cause tissue injury.9–11

Selectin molecules have been shown to be an important
factor in the lung injury associated with inflammatory syn-
dromes.12,13

Our laboratory has been interested in defining the role of
adhesion molecules in mediating the lung injury seen in AP.
To prove this, we and others have demonstrated that lung
injury could be ameliorated by preventing leukocyte migra-
tion using anti-TNFa and anti-CD18 antibodies, thus pro-
viding evidence that the cytokine/adhesion molecule axis is
one possible mechanism for extrapancreatic organ injury
in AP.5,14

Until now, immunofluorescent staining techniques have
been the major tool used to generate a semiquantitative
demonstration of adhesion molecule upregulation in tissues
during AP. The radiolabeled dual monoclonal antibody
(mAb) method is a novel technique used to quantify the
surface expression of endothelial cell adhesion molecules in
inflamed tissue.15 One of the goals of this study was to use
this technique to quantify the expression of the selectin
adhesion molecules on endothelial cells during progressive
severe AP and to determine the temporal relation of adhe-
sion molecule upregulation with activated leukocyte infil-
tration, neutrophil sequestration, and histologic lung injury.

MATERIALS AND METHODS

Antibodies and Radiolabeling

The mAbs RB40.34, a rat IgG1 directed against mouse
P-selectin16 (Pharmingen Inc., San Diego, CA), and 10E9.6,
a rat IgG2 directed against mouse E-selectin (Pharmin-

gen),17 were used for the in vivo evaluation of adhesion
molecule expression. Previous studies using immunohisto-
chemical staining techniques have shown that the antibody
RB40.34 binds to stimulated endothelial cells and platelets
in the blood vessels of normal strain mice and does not
adhere to the endothelia of P-selectin knockout mice.18 The
nonbinding murine IgG1 (P-23) is directed at the human
P-selectin and was used as a control antibody to correct for
nonspecific accumulation of immunoglobulins in the vascu-
lature.19

The binding and nonbinding mAbs were radiolabeled
with I125and I131, respectively (DuPont NEN, Boston, MA),
using the iodogen method.20 Iodogen was dissolved in chlo-
roform at a concentration of 0.5 mg/mL. One hundred
twenty-five micrograms of the iodogen was added to 250mg
of the mAb and then incubated with 250mCi sodium I125 or
I131 for 20 minutes at 4°C to obtain a 1mCi/mg protein
mixture. The radiolabeled mAbs were then gel-filtered
through a Sephadex PD-10 column (Pharmacia, Uppsala,
Sweden) to separate the radiolabeled protein from the free
I125 or I131. After equilibration of the column, PBS contain-
ing 1% bovine serum albumin was used to elute the column.
Four fractions were collected, and the second 2.5-mL frac-
tion contained the radiolabeled antibody. This was con-
firmed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis analysis showing normal heavy- and light-chain
moieties of expected molecular weight. Previous studies
have shown that the iodogen method for labeling mAbs
does not interfere with their functional activity.21 Anti-
CD18 mAbs (Clone WT3) were purchased from Seika-
gaku Corp. (Tokyo, Japan) for use in immunofluorescent
staining.

Calculation of Endothelial Cell Adhesion
Molecule Expression

The method used to determine the expression of P- and
E-selectin has been described previously.22 Briefly, the I125

binding and I131 nonbinding mAb activities are measured in
different tissues and 50-mL samples of serum are counted in
a 14800 Wizard 3 gamma counter (Wallace, Turku, Fin-
land), with correction for background activity and spillover
taken into account. The activity of the injected dose is
measured before injection into the animal. The activity
remaining in the tube used for mixing the mAbs as well as
the syringe used for the injection is subtracted from the total
injected activity. These average less than 1% of the total
injected activity. The accumulated activity of each mAb in
an organ is expressed as the percent of the injected dose
(%ID) per gram of dry weight tissue. The amount of binding
mAb in micrograms (mg) injected into each animal allows
calculation of the expression of target molecules, which is
expressed asmg mAb/gram dry tissue weight. The equation
used to calculate the P- and E-selectin expression was as
follows:
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Animals

Young female C57/bl/6J (15.76 0.2 g) mice were pur-
chased from Jackson Laboratory (Bar Harbor, MA). All
animals were housed in wire-bottom cages and fed standard
mouse chow and water ad libitum until the beginning of the
experiment, at which time the animals were fasted for 12
hours. A choline-deficient/ethionine-supplemented (CDE)
(Harlan Teklad Madison, WI) diet in powder form was fed
to the fasted animals ad libitum. DL-Ethionine (Sigma, St.
Louis, MO) was supplemented at a concentration of 0.5%
and kept at 4°C until use. The animals were kept in isolation
with strict biohazard precautions in a room maintained with
12-hour light/dark cycles at 21°C. Care of the animals was
in accordance with NIH standards published in the “Guide
for Care and Use of Laboratory Animals” (NIH 85-23,
1985).

The CDE diet model described by Lombardi et al23,24 is
an established model of AP that has been reported in more
than 40 publications studying various aspects of the disease.
Since then, the model has been tested in the C57/bl/6J mice,
which results in comparable pancreatic and systemic man-
ifestations.25–28

Experimental Protocol

Mice were divided into three groups. Group I (n5 35)
was used for biochemical measurements, serum cytokine
determinations, and histology, immunofluorescent staining,
and measurement of myeloperoxidase activity in the lung
tissue. Groups II (n5 35) and III (n 5 25) were used to
evaluate the expression of P- and E-selectin by the dual
radiolabeled mAb technique.21 Five mice from each group
were killed at time 0, having never been fed the CDE diet.
The remaining mice were killed at 18, 24, 36, 48, and 72
hours after starting the CDE diet.

Anesthesia was induced by an intramuscular injection of
combined ketamine (87 mg/mL) and xylazine (13 mg/mL)
at a dose of 0.1 mL/100 g. Group I mice underwent a
laparotomy and the aorta was cannulated with a 22g hepa-
rinized syringe. Serum was collected and stored at280°C
until assayed. After the animal was exsanguinated, the pan-
creas, liver, and lungs were excised, divided, and either
stored in formalin fixative until stained with hematoxylin
and eosin for histologic evaluation or snap-frozen at
280°C. After storage, lung tissue was used for myeloper-
oxidase extraction, and pancreas, lung, and liver tissues
were subsequently stained by immunofluorescent tech-
niques for CD18 receptors located on leukocytes.

For quantitative evaluation of P- and E-selectin adhesion
molecules, the animals in groups II and III were anesthe-
tized and their jugular vein and carotid artery were cannu-
lated using PE10 and PE50 tubing, respectively. For assess-
ment of selectin expression, 10mg of the respective P- or
E-selectin mAb labeled with I125 and 0.5 to 5mg of the
nonbinding mAb P-23 labeled with I131 were introduced
into the venous catheter. A blood sample was obtained from
the carotid artery 5 minutes after injection of the mAb
mixture. The animals were then given 40 units heparin
intravenously and exsanguinated through the carotid artery
catheter while a bicarbonate-buffer saline solution was in-
fused through the venous catheter. At this point the organs
were excised and weighed. Wet weight was measured after
harvesting the organs. Dry weight was obtained after the
organs were heated in the oven until the weight remained
unchanged.

Assays

A bioassay using the WEHI 164 subclone 13 cell line was
used to detect TNFa activity. This assay has been shown to
have high specificity and sensitivity in the measurement of
TNFa. One hundred microliters of WEHI cells (53 104

cells/well) with 0.5 mg/mL actinomycin D (Calbiochem,
LaJolla, CA) was added to 96-well flat-bottomed cell cul-
ture trays and incubated with serial dilutions of plasma
samples for 20 hours at 37°C. The next day, 20mL 3-(4,5-
dimethylthazol-2-yl)-2,5-diphenyltetrazolium bromide (Sig-
ma) at a concentration of 5 mg/mL in phosphate-buffered
saline (PBS) was added to all wells and the plates were
incubated for another 4 hours. Finally, 150mL medium was
removed and 100mL 0.04N HCl in isopropanol was added
to each well to dissolve the purple formazan crystals. The
absorbance at 550 nm was read the next day using a Bio-
Rad ELISA reader (Richmond, CA). TNFa values were
calculated using a standard curve prepared from rat TNFa
(R&D Systems, Minneapolis, MN) and expressed in pico-
grams per milliliter (pg/mL).

Myeloperoxidase extraction was performed as previously
described.29,30 Frozen tissue was thawed, weighed, and
placed in 20 mmol/L potassium phosphate buffer (pH 7.4),
which was then homogenized. Centrifugation at 20,000
relative centrifugal force was performed at 4°C for 15
minutes. The supernatant was discarded and the pellet re-
suspended in 50 mmol/L phosphate buffer containing 0.5%
hexadecyltrimethylammonium bromide (Sigma); this was
followed by sonication for 40 seconds while on ice. The
samples were recentrifuged and the supernatant was assayed
for myeloperoxidase activity using a mixture of water,
HETAB 0.5%, tetramethylbenzidine, sodium acetate buffer,
and H2O2. The reaction was stopped with catalase. Activity
was measured at 655 nm after 3 minutes of incubation.
Activity units (AU) per gram of tissue were calculated, and
to ensure the quality of the assay a standard curve was
constructed using human myeloperoxidase.
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Histology

Tissue was fixed and stained with hematoxylin and
eosin for histologic examination by a pathologist un-
aware of the experimental assignment of the animals.
Histologic sections of the pancreas were examined, re-
cording the degree of edema, zymogen crowding, vacu-
olation, and cellular necrosis. Changes were assigned
numeric scores based on the severity of the findings
(normal5 1, mild 5 2, moderate5 3, severe5 4). Lung
sections were examined for the degree of edema, leuko-
cyte infiltration, congestion, and alveolar hemorrhage,
and the histologic changes were also assigned numeric
scores based on the severity of the findings (normal lung
morphology5 1, mild 5 2, moderate5 3, severe5 4).

Biochemical Analysis

Serum hematocrit was measured using an Adams Micro-
hematocrit Centrifuge (New York, NY) and was read from
a Critocap micro-hematocrit capillary tube reader (Lancer,
St Louis, MO). Serum glucose levels were measured using
the Accu-check 111 kit (Boehringer Mannheim Bio-
chemica, Indianapolis, IN) and reported in mg/dL. Amylase
was measured by a quantitative enzymatic assay (Sigma,
No. 575-UV). Ten microliters are required per determina-
tion and results are expressed as International Units per liter.

Immunofluorescent Staining

Snap-frozen organs (pancreas, lung, and liver) from ani-
mals at each time point were cut into 4-micron sections and
mounted on Superfrost plus slides (Fisher Scientific, Pitts-
burgh, PA). Tissue samples were fluorescently stained using
techniques already described.31,32 The slides were fixed in
acetone for 30 seconds and then bleached for 15 minutes
using 1:4, 3% H2O2 and methanol. To block any nonspecific
binding, the sections were incubated in 1% BSA/PBS

Tween 1 20% mouse serum for 20 minutes. Lung, pan-
creas, and liver were stained with fluorescein (FITC)-con-
jugated mouse antimouse LFA-1b chain (CD18) mAb
(clone WT3) using 1:100 dilution. Isotypic controls stained
with rat IgG and PBS were used as negative controls.
Immunofluorescent sections were examined with the fluo-
rescent microscope.

Statistical Analysis

Results are expressed as mean6 standard error of the
mean. Data for response variables were analyzed using
two-way analysis of variance and the Student unpairedt
test. Nonparametric data (histologic grading) was analyzed
with the Mann-Whitney U test. Statistical significance was
set atP , .05.

RESULTS

Ingestion of the CDE diet was associated with the devel-
opment of progressive AP with swelling of the pancreas,
weight loss, decreased blood glucose, and increased amy-
lase (Fig. 1). Serum amylase levels increased significantly

Figure 2. Serum levels of tumor necrosis factor-a in diet-induced pan-
creatitis. Inflammatory cytokine levels were elevated during the diet
model of acute pancreatitis (*, P , .0001).

Figure 1. Biochemical measurements in diet-induced acute pancreatitis. Amylase levels increased over
the 72-hour feeding period (*, P , .0003). Significant progressive hypoglycemia (†, P , .0001) and severe
hemoconcentration (‡, P , .008) occurred during the feeding period, consistent with diet-induced acute
pancreatitis. Also, progressive weight loss (§, P , .002) occurred during the feeding period. All values are
expressed as mean 6 SEM.
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from 21546 270 U/L to 64006 3209 U/L (P , .02) in
animals with AP by 24 hours. Amylase levels continued to
be elevated throughout the experiment. Significant hypogly-
cemia was also seen in AP animals as early as 18 hours after
initiation of the CDE diet (1306 18 mg/dL vs. 2046 13
mg/dL at baseline,P , .0001) and progressed until the
animals were killed or died. Hemoconcentration was man-
ifested by an increased serum hematocrit throughout the
experiment, from 396 1% to 44 6 0.5% (P , .007).
Animals with AP also had progressive weight loss during
the experiment.

Serum TNFa levels continuously increased throughout the
experiment, in concert with the biochemical evidence of severe
AP. The serum TNFa level increased to 326 31 pg/mL by 18
hours and continued to increase to 8886 359 pg/mL at 72
hours (Fig. 2). AP was associated with significant P-selectin
upregulation in the pancreas, spleen, lung, and liver (Fig. 3).
Baseline (constitutive) expression of P-selectin in the pancreas
was 0.0386 0.20mg mAb/g tissue. Development of pancre-
atitis was associated with significant upregulation of P-selectin
starting at 48 hours (0.0646 0.008 mg mAb/g tissue); it
peaked at 0.1536 0.027mg mAb/g tissue by 72 hours. Lung
tissue also showed a progressive increase in P-selectin expres-
sion from 0.1136 0.032 mg mAb/g tissue at baseline to
0.3626 0.186mg mAb/g tissue by 24 hours. P-selectin ex-
pression peaked at 48 hours in the lung (0.5466 0.228mg
mAb/g) and then significantly declined to 0.2326 0.060mg
mAb/g tissue by 72 hours. The liver revealed a gradual in-
crease in P-selectin expression from 0.0126 0.015mg mAb/g
tissue at baseline to 0.2136 0.074 mg mAb/g tissue at 24
hours; it peaked at 0.4986 0.172mg mAb/g tissue at 72 hours.
Splenic tissue demonstrated a rise from baseline (0.00mg
mAb/g tissue), but significance was not seen until 48 hours
after initiation of the diet (0.2496 0.162mg mAb/g tissue).

Peak levels in the spleen occurred at 72 hours at 0.3196 0.176
mg mAb/g tissue, again correlating with progression of disease.
Heart, mesentery, and small bowel all showed significant in-
creases in P-selectin, but there was no upregulation in the
kidney.

In contrast to the widespread upregulation of P-selectin,
E-selectin expression was demonstrated only in lung tissue
of animals with AP. E-selectin increased from 0.126 0.099
mg mAb/g tissue at baseline to a peak at 48 hours of 0.386
0.18 mg mAb/g tissue (Fig. 4). The timing of maximum
E-selectin upregulation coincided with the second peak of
P-selectin expression in the lung.

Immunofluorescent staining for the leukocyte CD18 re-
ceptor demonstrated increased intensity of CD18 staining in
the pancreas at 18 hours. In the lung, CD18-positive leuko-
cytic infiltrates appeared at 24 hours and persisted until the
animal was sacrificed (Fig. 5). Concomitantly, there was an
increase in myeloperoxidase activity in lung tissue from

Figure 3. P-selectin expression
during acute pancreatitis. P-selec-
tin expression was upregulated in
the pancreas, spleen, lung, and
liver (*, P , .04; †, P , .0001; ‡,
P , .0004; §, P , .0001).

Figure 4. E-selectin expression during acute pancreatitis. E-selectin
expression was upregulated in lung tissue at 48 hours (*, P , .005).
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control animal levels of 1.446 0.25 AU/g to 6.556 1.26
AU/g (P , .001) in animals that had been fed the CDE diet
for 24 hours (Fig. 6). This increased myeloperoxidase ac-
tivity persisted throughout the experiment.

Histologically, the pancreas of the animals fed the CDE
diet showed a progressive worsening of edema, congestion,
and hemorrhage as well as vacuolization, pyknosis, and
cellular necrosis. Changes in the pancreas were noted as
early as 18 hours after the initiation of the CDE diet, with

continued worsening to moderate/severe changes between
48 and 72 hours (Fig. 7). At 24 hours, the lung tissue
revealed mild histologic changes with edema and early
leukocyte infiltration. These mild changes continued
through 48 hours and then progressed to moderate injury by
72 hours with significant edema, leukocyte infiltration, and
hemorrhage into the alveoli. The liver also demonstrated
congestion as well as cellular necrosis starting at 24 hours;
this progressively worsened throughout the study.

Figure 5. Immunofluorescent staining of CD18-positive leukocytes in lung and pancreas. (A) Absence of
leukocyte infiltration in lung tissue of control mice versus (B) those fed the choline-deficient/ethionine-
supplemented (CDE) diet at 24 hours, which correlated with upregulation of P-selectin expression in lung
tissue. (C) Absence of leukocyte infiltration in pancreas tissue in control mice versus (D) CD18-positive
infiltrating cells by 18 hours in those fed the CDE diet. Infiltration of leukocytes in the pancreas occurred
before P-selectin upregulation.

218 Lundberg and Others Ann. Surg. ● February 2000



DISCUSSION

This study is the first demonstration that AP is associated
with a significant upregulation of the P- and E-selectin
endothelial cell adhesion molecules in the pancreas and lung
as well as other distant organs. We demonstrated how
selectin expression is temporally related to cytokine upregu-
lation, leukocyte infiltration, and the progressive histologic
changes seen during the disease process. The quantitation of
adhesion molecule expression provides some guide to the
relative role of the selectin molecules in the differential
injury occurring in various organs.

The CDE diet model was chosen for these experiments
because of its reported clinical and biochemical similarities
to human disease.33 Ingestion of this diet is associated with
gradual evolution of pancreatitis with increasing severity
during several days, which is highly reproducible.33,34This
allowed us to examine the correlation between changes in
cytokines and adhesion molecules and the clinicopathologic
development of lung disease. One of the traditional criti-
cisms of the CDE diet model is that there is no defined
starting point and that there are variable differences in
disease severity between animals. Some of this disparity has
been attributed to variable ingestion of the diet by the mice,
leading to discrepancy in disease expression. In our labora-
tory, we observed that a 24-hour fast before feeding the
animals, as well as constant filling of food jars and removal
of old food, resulted in a steady progression of AP in all
CDE-fed groups, and that group variability was minimal.28

The success of this methodology is seen in our results: the
standard deviations suggest that the disease severity in each
group of animals was relatively similar. Clearly, like most
models of AP, the CDE diet model has advantages and
potential disadvantages, including the potential hepatotox-
icity of the diet; however, the use of this model has been
popular because of its reproducibility, noninvasiveness, and
ease in manipulating mortality.25

Previously, we and others demonstrated the important
role of increased cytokine production in the development of
systemic manifestations of AP.35,36Inflammatory cytokines
have been shown in other disease models to mediate organ
damage through upregulation of the expression of endothe-
lial cell and leukocyte adhesion molecules.37,38 Until now,
however, there have been few data regarding the changes in
these molecules during AP, despite their probable key role
in initiating tissue injury associated with this disease. Dem-
onstrating the temporal relation of selectin upregulation to
the cytokine cascade and the histologic injury in AP is based
on the recognition of the pivotal role of the selectin mole-
cules as the first of the endothelial cell adhesion molecules
to be expressed during the inflammatory response.39

Because of the ability to sample lung tissue frequently,
we were able to demonstrate some of the earliest pulmonary
changes associated with the onset of AP. These pulmonary
histologic changes correlated temporally with the kinetics of
selectin expression. Because of the fact that P- and E-
selectin are the earliest adhesion molecules expressed in
response to cytokine expression, this suggests a role of these
molecules in early pulmonary injury associated with AP. In
the lung, we were able to determine that both the P- and
E-selectin molecules are expressed during the evolution of
pancreatitis, with the former molecule having biphasic
peaks. The P-selectin is constitutively expressed at low
levels in several organs and is stored in a preformed pool of
the endothelial cell (Weibel-Palade bodies).12 The P-selec-
tin molecules can also be transcriptionally induced on the
endothelial cell after stimulation with an inflammatory me-
diator.40 Thus, the biphasic peaks represent the release of
preformed molecules and de novo transcription in response
to the cytokine stimulus generated by pancreatic inflamma-

Figure 7. Scoring of histologic severity in diet-induced pancreatitis.
Progressive pancreatic injury (closed circle) worsened throughout the
diet model of AP (*P , .03). Lung injury (closed square) followed the
progression of acute pancreatitis (†P , .03) and correlated with the
upregulation of cytokines, selectins, and leukocyte infiltration. Histo-
logic data was analyzed by the Mann-Whitney test. Statistical signifi-
cance was set at P , .05.

Figure 6. Pulmonary leukocyte infiltration in diet-induced acute pan-
creatitis. Lung myeloperoxidase activity in mice increased at 24 hours,
which correlated with P- and E-selectin upregulation (*, P , .0001).
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tion. In contrast, E-selectin is transcriptionally induced, and
thus the lack of a constitutive pool of E-selectin accounts for
its later appearance on the endothelial cells after an inflam-
matory stimulus.22,41 In our model, the second peak of
P-selectin expression seen in the lung at 48 hours after AP
coincided with the single peak of E-selectin, indicating that
both molecules were transcribed in response to the severe
inflammatory signal after the initiation of AP.

In this study, pulmonary leukocytic infiltration was de-
tected by immunofluorescent staining for the CD18-positive
cells (leukocytes) and by measuring neutrophil sequestra-
tion in lung parenchyma through measurement of myelo-
peroxidase activity. There is a large influx of CD18-positive
inflammatory cells into the lungs. When considered in the
context of the elevated myeloperoxidase activity, this prob-
ably represents an influx of neutrophils into the lung tissue,
although the presence of other leukocytic populations can-
not be ruled out. Many investigators have reported that the
neutrophil is a key cell that mediates organ injury in
AP,42–44 and it has been shown that neutrophil depletion
before the onset of AP reduces the associated lung in-
jury.42,44,45The importance of other cell types involved in
AP-associated pulmonary injury has been suggested in sev-
eral studies.45,46,47Recently, Frossard et al45 demonstrated
that AP-associated lung injury may be partially caused by
neutrophil-independent events, thus confirming that other
inflammatory cells are involved in injury progression.

We observed that the initial peak of P-selectin expression
coincided with the appearance of CD18-positive leukocytes
in the lung as well as with the initial rise in myeloperoxidase
activity. In addition, the progression to the second peak of
P-selectin and the appearance of E-selectin was associated
with a significant accumulation of leukocytes in the lung, as
detected by immunofluorescence and myeloperoxidase ac-
tivity. These changes in adhesion molecules and the asso-
ciated increase in pulmonary leukocytic infiltration were
accompanied by worsening of the lung injury severity score.
Together, these changes strongly suggest that pulmonary
injury in AP is mediated by the upregulation of adhesion
molecules.

In contrast to the correlation between histologic injury
and adhesion molecule upregulation in the lung, we have
demonstrated that the initial infiltration of leukocytes and
the early histologic changes in the pancreas occur before
demonstrable expression of P- and E-selectin molecules in
this organ. Beginning at 48 hours, there is an upregulation
of P-selectin in the pancreas, correlating with the worsening
of pancreatic injury between 48 and 72 hours. However,
because leukocytic infiltration in the pancreas occurs before
48 hours, this contradicts the current hypothesis of inflam-
matory cell migration in that a requirement for leukocytic
infiltration is the expression of endothelial cell adhesion
molecules.48,49A possible explanation for this phenomenon
is that the CDE diet itself causes pancreatic injury, which
may induce the release of chemokines and cytokines by the
acinar cells or interstitial leukocytes, which attracts leuko-

cytes before adhesion molecule expression.50,51 Another
possible explanation is that the selectin molecules play a
minor role in the pancreas during AP and that other cellular
adhesion molecules are the major contributors to leukocyte
infiltration. This remains to be investigated.

Another finding of our study is that the level and timing
of adhesion molecule expression varies in different organs,
a phenomenon seen in other inflammatory conditions.22 For
example, in the liver and spleen, the pattern of P-selectin
upregulation occurred at 24 hours and 48 hours, respec-
tively. We also observed an increased expression of P-
selectin molecules in the heart, small bowel, mesentery, and
spleen during AP, demonstrating that this is truly a systemic
disease, although leukocyte infiltration was not evaluated in
these organs.

In previous work, histologic injury could be ameliorated
by blocking the inflammatory cytokines TNFa and IL1b.5,6

However, despite the theoretical mechanistic significance of
these observations, their practical utility in management of
human disease is limited. Our data demonstrated that the
triggering of the cytokine cascade occurs extremely early in
AP, and that TNFa, once released, induces further cytokine
production from a variety of cells, including macrophages,
leukocytes, T lymphocytes, and mast cells.52–54 Once the
cytokine cascade is triggered, there is an activation of down-
stream events that leads to organ injury and is not amenable
to cytokine blockade. Because of these factors, the cytokine
cascade must be blocked either before the insult that causes
AP or within a few hours after the onset of the disease.
Difficulties in the timing of anticytokine interventions and
in administering effective cytokine blocking have been
demonstrated in systemic inflammatory response syn-
dromes.55,56 Because of these difficulties, we attempted to
study more downstream events in the inflammatory re-
sponse, particularly those of the adhesion molecules. Al-
though our model shows a temporal correlation between the
cytokines, selectin, leukocytes, and organ injury, we have
not confirmed a direct mechanism by using inhibitors of the
selectin molecules. The literature suggests that treatment
against selectin expression in some models has a positive
outcome with regard to leukocyte infiltration and organ
injury.48 Based on this evidence, we would expect that
inhibitors of the selectin molecules would decrease leuko-
cyte infiltration and would ultimately ameliorate organ in-
jury associated with AP. In this regard, blocking of adhesion
molecules has been attempted in several inflammatory dis-
eases with promising results. Many researchers have dem-
onstrated that treatment with antiselectin and anti-ICAM
antibodies in ischemia/reperfusion and sepsis models is
beneficial in the treatment of organ injury and death.57,58

Also, treatment against leukocyte activation and migration
using anti-CD18 and anti-ICAM-1 mAbs has been at-
tempted in AP, resulting in a decrease in the inflammatory
mediators released by the leukocytes and amelioration of
distant organ injury.14 The data suggest an important role
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for adhesion molecules in AP and suggest that they could be
targeted for therapeutic intervention.

There is an inherent redundancy of cellular migration
processes during inflammation,7,40 and thus P- and E-selec-
tins are not the only endothelial cell adhesion molecules
involved in mediating inflammatory cells to the stimulated
tissues. Evidence of the role played by other adhesion
molecules has been demonstrated in other inflammatory
models by blocking the different adhesion molecules with
specific inhibitors. Blocking specific molecules results in
decreased markers of injury, but none is associated with
complete amelioration of the inflammatory response.13,18,59

In AP-associated lung injury, it has been reported that other
molecules, such as ICAM-1, play an important role in the
injury pathogenesis. This was demonstrated by using
ICAM-1 genetically deficient mice, thereby decreasing AP-
associated lung injury.45 However, in that report, the au-
thors point out that ICAM-1 deficiency did not totally
ameliorate lung injury, confirming that as in other models,
lung injury in AP is multifactorial in origin.

Our data indicate that the selectin upregulation is the first
of these adhesion molecules to be expressed, as is seen in
other inflammatory models.39 We believe that this closely
correlates with the temporal onset of distant organ injury. In
conclusion, we believe that the sequences of events associ-
ated with leukocyte infiltration are mediated initially by the
P- and E-selectins.
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