miA UNIVERSITAT 8
AUGSBURG

Universitatsbibliothek OPUS AUGSBURG

Protective effects and anti-inflammatory pathways of
exogenous calcitonin gene-related peptide in severe
necrotizing pancreatitis

Lutz Schneider, Werner Hartwig, Thomas Flemming, Thilo Hackert, Franco
Fortunato, Matthias Heck, Martha-Maria Gebhard, Peter P. Nawroth,
Angelika Bierhaus, Markus W. Buichler, Jens Werner

Angaben zur Verdffentlichung / Publication details:

Schneider, Lutz, Werner Hartwig, Thomas Flemming, Thilo Hackert, Franco Fortunato, Matthias
Heck, Martha-Maria Gebhard, et al. 2009. “Protective effects and anti-inflammatory pathways of
exogenous calcitonin gene-related peptide in severe necrotizing pancreatitis.” Pancreatology 9
(5): 662-69. https://doi.org/10.1159/000212099.

Nutzungsbedingungen / Terms of use: CC BY-NC-ND 4.0

Dieses Dokument wird unter folgenden Bedingungen zur Verfiligung gestellt: / This document is made available under these conditions:
CC-BY-NC-ND 4.0: Creative Commons: Namensnennung - Nicht kommerziell - Keine Bearbeitung

Weitere Informationen finden Sie unter: / For more information see:

https://creativecommons.org/licenses/by-nc-nd/4.0/deed.de



https://doi.org/10.1159/000212099
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.de

Protective Effects and Anti-Inflammatory
Pathways of Exogenous Calcitonin Gene-Related
Peptide in Severe Necrotizing Pancreatitis

Lutz Schneider® Werner Hartwig® Thomas Flemming® Thilo Hackert?
Franco Fortunato? Matthias Heck? Martha-Maria Gebhard® Peter P. Nawroth®
Angelika Bierhaus® Markus W. Biichler® Jens Werner?

Departments of 2General Surgery, ®Internal Medicine and “Experimental Surgery, University of Heidelberg,
Heidelberg, Germany

Introduction

Acute pancreatitis is a disease of variable severity. Ap-
proximately 80% of patients have mild attacks which re-
solve with little or no complications. However, in 20% of
patients, pancreatic necrosis and systemic complications
occur with a mortality rate of 20-40% [1]. Development
of acute pancreatitis seems to follow a uniform mecha-
nism independently of the various etiologic factors such
as gallstones, alcohol, ischemia and others [1]. Activation
of intracellular trypsinogen leads to injury of the acinar
cell. This mechanism is followed by the release of cyto-
toxic mediators, including oxygen radicals and cytokines,
resulting in an inflammatory activation of the vascular
endothelium [2]. The intracellular pathway seems to be at
least in part triggered by activation of the pro-inflamma-
tory transcription factor NF-kB and subsequent tran-
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scription and expression of proflammatory gene prod-
ucts such as ICAM-1 [3]. Thus, these mediators play a
major role in the initiation and progression of local and
systemic complications of acute pancreatitis [3-5].

Calcitonin gene-related peptide (CGRP) is a 37-amino
acid neuropeptide stored in nerve endings of unmyelated
nerve fibers. It is widely distributed in the central and
peripheral nervous system. Under physiological condi-
tions, CGRP is a potent vasodilatator. CGRP is binding
to its receptors CGRP1 and CGRP2 which induce a raise
of intracellular cAMP, followed by the activation of pro-
tein kinase A, opening of K* channels and subsequent
relaxation of smooth muscle cells [6].

An anti-inflammatory effect of CGRP has been dem-
onstrated in vitro [7-9]. CGRP also mediates ischemic
preconditioning and can protect against ischemia reper-
fusion injury in hearts of rats, pigs and dogs as well as in
rats’ stomach [10-13]. In addition, increased levels of
CGRP have been shown in chronic pancreatitis [14]. In
ischemic disease of the pancreas, ablation of CGRP-se-
creting sensory nerves led to increased morphological
damage. This was attenuated by administration of CGRP
[15]. However, the pathophysiological role of CGRP in
acute pancreatitis is not understood. In the present study,
we investigated the potential protective effects of exoge-
nous administered CGRP in acute necrotizing pancreati-
tisinrats. Furthermore,weanalyzed potential pathomech-
anisms underlying the anti-inflammatory effects of
CGRP.

Materials and Methods

Experiments were performed with 54 male Wistar rats weigh-
ing 270-310 g. Animals were fasted overnight before the experi-
ments but had free access to water. Care was provided in accor-
dance with the guidelines of the University of Heidelberg and the
Regierungsprisidium Karlsruhe.

Anesthesia and Catheter Placement

Surgical anesthesia was induced by intraperitoneal pentobar-
bital (10 mg/kg body weight, Nembutal®; Sanofi-Ceva, Diissel-
dorf, Germany) and intramuscular ketamine (40 mg/kg body
weight, Ketanest 50%; Parke Davis, Berlin, Germany). The right
internal jugular vein was cannulated using a soft polyethylen
catheter (0.5 mm inner diameter, 0.8 mm outer diameter; Braun,
Melsungen, Germany) for infusion regimens. A second catheter
was placed in the left carotid artery for blood sampling and con-
tinuous hemodynamic monitoring during the experiment. Both
catheters were tunneled subcutaneously to the suprascapular area
and brought out via a flow-through catheter which permitted free
movement of the animals.

Induction of Acute Necrotizing Pancreatitis

Severe necrotizing pancreatitis (SNP) was induced using the
glycodeoxycholic acid (GDOC) model as described in detail else-
where [16]. In brief, after a midline laparatomy, the common bile
duct was cannulated with a 24-gauge teflon catheter. Freshly pre-
pared GDOC (Sigma, St. Louis, Mo., USA) in glycylglycin-NaOH-
buffered solution (pH 8.0, room temperature) at 5 mmol concen-
tration was then infused in a time- (10 min), pressure- (30 mm
Hg) and volume (1.2 ml/kg)-controlled fashion. After induction
of severe acute pancreatitis, the abdomen was closed and the an-
imals received a continuous intravenous infusion of caerulein
(5 pg/kg/h) over 6 h. Control animals received saline infusion of
4 ml/kg/h.

Experimental Design

The animals were randomly allocated into 6 study groups. For
evaluation of early effects of prophylactic CGRP on pancreatic
microcirculation, NF-kB activation, ICAM-1 expression and his-
tological alterations were evaluated after 6 h in 3 groups (n = 12).
One control group received saline infusion only. Acute necrotiz-
ing pancreatitis was induced in the other 2 groups, the pancreati-
tis and pancreatitis with prophylactic CGRP group. In the pro-
phylactic CGRP group, animals received CGRP infusion (Sigma)
as a bolus of 10 pg/kg body weight at initiation of the disease (be-
fore administration of GDOC) and subsequently at a rate of 10
pg/kg body weight/h for 6 h. Intravital microscopy (IVM; mean
capillary and venous erythrocyte velocity, leukocyte adhesion in
postcapillary venules; n = 6 of this group) as well as tissue analyses
were performed 6 h after start of intravenous infusion in each
group. Histology, NF-kB electrophoretic mobility shift assay
(EMSA) and serum CGRP ELISA was performed in further ani-
mals (n = 6 of this group).

In the remaining 3 groups, the delayed effect of prophylactic
or therapeutic CGRP application on histological damage, cyto-
kine and chemokine release was analyzed and compared to ani-
mals receiving pancreatitis alone 12 h after initiation of the dis-
ease (n = 6 per group). CGRP application was started at initiation
of disease or 1 h after induction of SNP as described above (n =6
per group). Controls were infused with saline only after induction
of SNP (n = 6 per group). At 12 h the animals were sacrificed and
morphological organ damage were analyzed using hematoxylin-
eosin histology of pancreatic organ samples and serum cytokine/
chemokine assays.

Evaluation of Microcirculation by IVM

The midline laparatomy was reopened 6 h after induction of
pancreatitis. The duodenal loop with the pancreas was gently ex-
posed. Animals were positioned on their right side on a heatable
stage, and the pancreas was exteriorized without tension in a
37°C temperature-controlled Ringer’s lactate immersion bath.

IVM was performed after a stabilization period of 15 min us-
ing a fluorescence microscope (special construction; Leica, Wetz-
lar, Germany) under epifluorescence (Epifluorescence Illumina-
tor; Pleomak, Leitz, Germany). Freshly prepared autologous
FITC-marked (FITC-Isomer 1, No. F-1628; Sigma) erythrocytes
(1 ml/kg body weight, hematocrit 50%) [17] and 0.1 m10.2% Rho-
damine 6G (No. R-4127; Sigma), as a fluorescence marker for leu-
kocytes [18], were injected intravenously. An immersion objective
(Achroplan 40/0.75 W; Zeiss, Oerkochen, Germany) was used, the
observations were recorded with a low-light camera (CF 8/1; Kap-
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pa, Gleichen, Germany) and documented by videotape recorder
(AG 7350; Panasonic, Osaka, Japan).

Microcirculation was evaluated in 5 % 1 capillary fields and
in at least 3 postcapillary venules per animal. Microcirculatory
parameters were quantitatively assessed by off-line frame-to-
frame analysis by an independent investigator using a computer-
assisted image analysis system (CAP IMAGE®, Dr. H. Zeintl, Hei-
delberg, Germany).

Leukocyte-endothelial interaction was assessed in postcapil-
lary venules with a diameter of 20-40 wm. Rolling leukocytes
(roller) were defined as leukocytes that were temporary adherent
to the endothelium and with a velocity less than 60% of the mean
erythrocyte velocity. Adherent leukocytes (sticker) were defined
as cells attached to the endothelium for at least 30 s. Both rollers
and stickers are presented as number of cells per 100 wm endo-
thelial distance [19, 20].

Assessment of Organ Damage by Histology

Histological evaluation of the pancreas was performed by an
investigator not aware of the experimental design using a scoring
system previously described in detail [16]. The head of the pan-
creas was removed, fixed in 4% buffered formalin and embedded
in paraffin. Coronary sections were made in the plane of the flat-
tened pancreas and stained with hematoxilin-eosin. Morphomet-
ric documentation of edema, inflammation and acinar necrosis
was obtained by using a scoring system (0-3) [16].

Evaluation of Pancreatic ICAM-1 Expression by

Immunohistochemistry

Pancreatic tissue was precooled in liquid nitrogen immedi-
ately after tissue dissection and stored at -80°C. Cryostat sections
of 5 wm were cut and subsequently fixed in acetone for 10 min.
Nonspecific binding sites were blocked by diluted blocking serum
and slides were incubated with primary anti-ICAM-1 antibodies
[ICAM-1 antibodies; purified mouse (BALB/c) IgGl anti-rat
CD54, 1A29; Pharmingen, San Diego, Calif.,, USA; dilutionl:
3,200 in 1% bovine serum albumin/phosphate-buffered saline so-
lution] for 45 min at room temperature. Unbound antibody was
washed from the tissue 3 times with phosphate-buffered saline,
followed by incubation with the secondary biotinylated antibody
(anti-immunoglobulin G, LSAB 2 Kit; Dako, Hamburg, Germa-
ny) for 30 min, and washed for 3 more times. Slices were then in-
cubated with avidin-biotin-peroxidase complex reagent (devel-
oped in 3-amino-9-ethylcarbazole solution) and fixed with ace-
tate fixative. For counterstaining, hematoxylin was used. Slides
were washed and covered with Dako Glycergel (Dako, Cam-
bridge, UK). Expression of ICAM-1 was performed semiquanti-
tatively.

EMSA for Evaluation of NF-kB Activation

For EMSA, nuclear proteins were harvested as previously de-
scribed in detail [21, 22]. Snap-frozen pancreatic tissue was lysed
in cold buffer A (10 mM HEPES-KOH, pH 7.9, at 4°C, 1.5 mM
MgCl,, 10 mM KCI, 0.5 mM DTT, 0.2 mM PMSF), incubated for 10
min on ice, and centrifuged for 10 s. The supernatant was dis-
carded and the pellet was resuspended in ice-cold buffer C (20 mM
HEPES-KOH, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl,,
0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSEF), incubated on ice for
20 min, and centrifuged for 2 min at 4°C. The supernatant was
frozen at -80°C. Binding activity of NF-kB to an NF-«kB consen-
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sus sequence (5'-AGTTGAGGGGACTTTCCAGG C-3') was per-
formed in 10 mM HEPES, pH 7.5, containing 0.5 mM EDTA, 100
mM KCl, 2 mM DTT, 2% glycerol, 4% Ficoll 400, 0.25% Nonidet
P40, 1 mg/ml bovine serum albumin (DNAse free) and 0.1 pug/pl
poly(dI/dC) in a total of 20 pl. Specificity of binding was ascer-
tained by competition with a 160-fold molar excess of unlabeled
consensus oligonucleotides and by characterization in supershift
assays using specific polyclonal antibodies for the respective NF-
kB subunits (Santa Cruz, Heidelberg, Germany).

Measurement of CGRP Serum Levels by ELISA

Concentrations of serum CGRP were analyzed using an ELI-
SA according to the manufacturer’s instructions (SPI-BIO, Mon-
tréal, Que., Canada).

Serum Cytokine and Chemokine Analysis

Serum samples (n = 6) were analyzed using the rat cytokine/
chemokine premixed LINCOplex kit (RCYTO-80K; Millipore
Corp., Schwalbach, Germany) in duplicate according to the in-
structions. This kit contains beads-conjugated antibodies specif-
ic for the measurement of MCP-1, MIP-1a, VEGF, TNF-«, IFN-v,
IL-1b, IL-2, IL-6, GRO/CINC-1 (IL-8 rat), IL-10 and IL-18. This
assay was repeated in 2 independent experimental measurements
to ensure reproducibility. The measurement was accomplished by
using the xMAP Luminex 100™ Reader System (Luminex, Aus-
tin, Tex., USA).

Data Analysis and Statistics

Data are presented as means = SEM. Data were analyzed us-
ing the SPSS Software (version 11.5.1 for Windows; SPSS Inc.,
Chicago, I11., USA). Differences between groups were compared
using analysis of variance followed by the Student’s t test. Statisti-
cal significance was accepted at the 5% level (p < 0.05).

Results

Serum Concentration of CGRP

At 6 h after induction of SNP, serum CGRP was not
significantly elevated in acute necrotizing pancreatitis
compared to healthy animals (5.58 £ 1.21 pg/ml vs. 5.49
* 1.59 pg/ml). Infusion of CGRP in animals with necro-
tizing pancreatitis increased serum CGRP levels 5-fold
(24.39 % 18.73 pg/ml, p = 0.03 vs. no therapy), thus dem-
onstrating sufficient exogenous CGRP administration.

Pancreatic Microcirculation and Mean Arterial Blood

Pressure

Mean arterial blood pressure as measured continu-
ously during the experiment remained stable in all ani-
mals and showed no significant differences between the
groups (data not shown).

Six hours after induction of acute necrotizing pancre-
atitis, mean capillary erythrocyte velocity and mean ve-
nous erythrocyte velocity were significantly decreased
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Fig. 1. a NF-kB binding activity in pancreatic nuclear extracts of
rats with pancreatitis, pancreatitis and treatment with CGRP, and
healthy controls. One representative EMSA per group is shown
and NF-kB binding activity is indicated by an arrow. Specificity
of NF-kB binding using the same sample as in lane 2 is shown by
including a 160-fold molar excess of unlabeled consensus NF-«xB
oligonucleotide (lane 4). b Relative nuclear NF-kB content as eval-
uated by EMSA. Signals obtained in all samples were quantified
by densitometry as summarized in the bar graphs (n = 6 per
group). The mean * SEM is reported. ** p < 0.05 pancreatitis

compared to control; * p <0.05 pancreatitis + CGRP compared to
pancreatitis (mean * SEM). ¢ Characterization of the NF-kB
subunits at 6 h contributing to the observed binding formed at the
NF-kB consensus sequence was performed by including 2.5 pg of
a control IgG, anti-p50, anti-p65, anti-cRel, anti-RelB or anti-p52
antibodies in the binding reaction with nuclear extracts derived
from acute pancreatitis. Specificity of NF-«kB binding was shown
by including a 160-fold molar excess of unlabeled consensus NF-
kB oligonucleotide. The position of NF-kB is indicated by an ar-
row.

Table 1. Means = SEM of capillary/venous erythrocyte velocity and adherent leukocytes (roller/sticker) in
postcapillary venules as investigated by intravital microscopy at 6 h after induction of SNP

Microcirculation Control (A) Pancreatitis (B) Pancreatitis and p value
hylacti P
prophylactic CGRP (C) Avs B Bvs C

Erythrocyte velocity, mm/s

Capillary 1.03+0.09 0.48 +0.05 0.95+0.06 <0.001 <0.01

Venous 1.19£0.12 0.55%0.1 1.13£0.1 <0.01 <0.01
Adherent leukocytes, n/100 pm

Roller 1.28 £0.42 7.09+1.96 13.42+4.57 <0.01 n.s.

Sticker 0.83£0.35 7.42%1.09 1.5%£0.48 <0.001 <0.001

compared to healthy animals (p <0.001 and p < 0.01, re-
spectively). This confirms previous results demonstrat-
ing disturbed pancreatic microcirculation in acute nec-
rotizing pancreatitis. Application of CGRP improved
pancreatic microcirculation. Capillary and postcapillary
venous erythrocyte velocity increased significantly to-
wards baseline values compared to the pancreatic rats
without CGRP treatment (p < 0.01). In addition, leuko-
cyte rolling and sticking was significantly increased in
acute pancreatitis compared to healthy animals (p <0.01

and p <0.001, respectively). CGRP treatment significant-
ly reduced leukocyte sticking in postcapillary venuoles,
whereas rolling leukocytes showed no significant differ-
ences (p < 0.001; table 1).

Pancreatic NF-«kB Activation

EMSA performed with nuclear extracts of pancreatic
tissue demonstrated a 40% increase in nuclear NF-kB
binding activity in pancreatic tissue from rats with SNP
(p = 0.015) compared to healthy controls (fig. 1a and b).
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Fig. 2. Immunhistochemistry: pancreatic ICAM-1 expression in control, pancreatitis and pancreatitis + CGRP
animals. Reduction of ICAM-1 due to CGRP in acute pancreatitis.

Table 2. Edema, inflammation and necrosis as evaluated by histology at 6 and 12 h after initiation of SNP [16]

Histological ~Group Edema Inflammation Necrosis
ury mean SEM mean SEM mean SEM
6h control 0.4 0.09 0.02 0.004 0.01 0.01
pancreatitis 1.5% 0.01 2.17%* 0.12 2.25%* 0.12
pancreatitis and prophylactic CGRP 0.88** 0.1 1.25% 0.12 1* 0.02
12h pancreatitis 2% 0.01 2.41%* 0.2 2.25%* 0.27
pancreatitis and prophylactic CGRP 1.5%* 0.32 1.04%* 025 1.33%*F 0.41
pancreatitis and therapeutic CGRP 1.58 0.49 1.5%* 0.45 117+ 0.26

Pancreatic inflammation and necrosis were reduced by prophylactic and therapeutic application of CGRP and prophylactic CGRP

also reduced pancreatic edema at 12 h (n = 6 per group).

* p <0.01, ** p < 0.001 pancreatitis compared to control; * p < 0.05, ** p < 0.01, *** p < 0.001 pancreatitis + CGRP compared to

pancreatitis at 6 or 12 h.

Characterization of proteins contributing to the NF-«kB
complex by supershift analysis demonstrated that the
NEF-kB heterodimer was mostly formed by the heterodi-
mers p50 and p65 (fig. 1c). CGRP infusion decreased NF-
kB activation in pancreatic tissue by 31% when compared
to the untreated pancreatitis group (p = 0.03; fig. 1b).

Pancreatic Injury

Histological evaluation confirmed severe pancreatic
tissue injury, with significant formation of edema, in-
flammation and necrosis (p < 0.01, p < 0.001, p < 0.001
vs. controls, respectively). Prophylactic CGRP infusion
significantly reduced pancreatic injury (edema: p < 0.01;
inflammation and necrosis: p < 0.05) 6 h after induction
of SNP.
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Morphological pancreatic injury was even more in-
creased at 12 h after induction of SNP. Therapeutic ap-
plication of CGRP was also effective in reducing pancre-
atic inflammation and necrosis (p = 0.01 and p < 0.001,
respectively). Prophylactic CGRP application reduced
pancreatic edema, inflammation and necrosis at 12 h
compared to SNP alone (p =0.01, p<0.001 and p<0.001,
respectively; table 2).

ICAM-1 Expression

Consistent with the upregulation of NF-«kB, immu-
nostaining showed an increase in expression of the NF-
kB-regulated adhesion molecule ICAM-1 in the injured
pancreas compared to control animals. Pancreatic ICAM-
1 expression was reduced after CGRP application in acute
necrotizing pancreatitis (fig. 2).



Table 3. Serum chemokine and cytokine levels of MCP-1, IL-1b, IL-2, IL-8 and IL-10 showed increased values in SNP; Prophylactic
CGRP increased the anti-inflammatory IL-10 and therapeutic CGRP decreased IL-1b and IL-8

Group CGRP MCP-1 IL-1b IL-2 IL-8 IL-10
mean SEM mean SEM mean SEM mean SEM mean SEM
Control none 247 13 78 2 572 100 304 36 148 7
Pancreatitis none 1,596%** 454 84* 1 1,612* 409 6,567%** 1,871 193** 10
prophylactic 801 71 117 15 2,351 694 3,827 543 401t 33
therapeutic 940 154 72% 2 5,202 2,019 1,694 541 163 11

*p < 0.05, ** p < 0.01, *** p < 0.001 pancreatitis compared to control; * p < 0.05, ** p < 0.001 compared to pancreatitis at 12 h

(n = 6/group).

Cytokine and Chemokine Serum Levels

At 12 h after induction of SNP serum levels of MCP-1,
MIP-1a, VEGF, TNF-a, IFN-v, IL-1b, IL-2, IL-6, GRO/
CINC-1 (IL-8 rat), IL-10 and IL-18 were analyzed in
healthy control animals and 12 h after induction of SNP
without, with prophylactic and with therapeutic applica-
tion of CGRP, MIP-1a, VEGF, TNF-«, IFN-v, IL-6 and
IL-18 showed no difference between the groups (data not
shown). The pro-inflammatory mediators MCP-1 and
IL-2 were increased in SNP compared to control animals
(p<0.001 and p < 0.05, respectively), whereas CGRP ap-
plication showed no further effect.

Pro-inflammatory IL-1b and GRO/CINC-1 (IL-8 rat)
were also increased in SNP compared to controls (p <
0.05 and p < 0.001, respectively) and therapeutic CGRP
application led to significantly reduced levels (p < 0.001
and p < 0.05, respectively).

The anti-inflammatory IL-10 was interestingly in-
creased 12 h after induction of SNP compared to control
animals (p <0.01). However, prophylactic CGRP showed
a further significant increase of anti-inflammatory IL-10
compared to pancreatitis alone (p < 0.001; table 3).

Discussion

In the present study we demonstrated that exogenous
CGRP application led to an improvement of pancreatic
microcirculation and attenuated morphological damage
in severe necrotizing pancreatitis. The anti-inflamma-
tory effects were mediated by inhibition of NF-«kB activa-
tion and a subsequent decrease in pro-inflammatory pro-
teins and cytokines. Moreover, delayed application of
CGRP after initiation of the disease was still effective.

It is well known, that microcirculatory disorders play
a pivotal role in the progression of mild necrotizing pan-
creatitis to SNP [5]. CGRP has been shown to improve
blood flow in experimental settings [6, 23]. These find-
ings are in accordance with the results of our study, in
which CGRP normalized pancreatitis-associated pancre-
atic microcirculatory disorders almost back to normal
values. Since pancreatic ischemia is a crucial factor in the
development of SNP, an improved pancreatic perfusion
may be jointly responsible for reduced pancreatic injury
by an improved oxygen supply [5, 24].

Leukocyte firm adhesion in postcapillary venuoles as
well as pancreatic organ damage were significantly re-
duced by CGRP, while leukocyte rolling of activated leu-
kocytes in postcapillary venuoles showed no significant
differences secondary to CGRP application. Leukocyte
rolling is an early step in leukocyte recruitment to the
endothelial wall mediated by selectines. The leukocyte
rolling is followed by leukocyte sticking mediated by ad-
hesion molecules including ICAM-1 resulting in the
transmigration through the endothelial wall into the tis-
sue [25, 26]. The application of CGRP reduced the NF-kB
translocation into the nucleus and reduced the expres-
sion of NF-kB-regulated inflammatory gene products in-
cluding inflammatory cytokines such as IL-1b and IL-8
and proteins such as ICAM-1 [27, 28]. The anti-inflam-
matory properties of CGRP also seem to be mediated by
increased anti-inflammatory IL-10 [29].

Protective effects of CGRP have also been demonstrat-
ed in experimental settings of ischemia and reperfusion
[10-13]. Furthermore, CGRP mediates organ-protective
effects of ischemic preconditioning in the experimental
settings [15, 30, 31]. Protective effects of CGRP on pan-
creatic blood flow and morphological damage have been
demonstrated in ischemia-induced mild pancreatitis.
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However, this effect was only evaluated 1 h after reperfu-
sion [15]. Since the main microcirculatory impairment in
acute necrotizing pancreatitis occurs later after induction
of the disease, the results of the present study with im-
proved pancreatic microcirculation at 6 h and reduced
pancreatic injury at 12 h even after delayed application of
CGRP is of potential clinical relevance [3].

Anti-inflammatory effects of CGRP have been shown
in vitro and in vivo [7-9, 32]. In the present study, we
demonstrated a reduction of pancreatic inflammation af-
ter CGRP application in SNP. We chose 1 h after induc-
tion of SNP for the therapeutic intervention in our study.
The rationale for this time point was the findings of Nor-
man [33], who demonstrated that the main cytokine re-
lease which induces local and systemic organ dysfunction
takes place within the first hour after initiation of disease
in the experimental settings. However, this is of clinical
relevance, since in humans the mayor cytokine release
occurs over a more prolonged time period within the first
48 h after onset of pain [33].

In edematous pancreatitis, Warzecha et al. [34] demon-
strated protective effects of prophylactic CGRP application
on pancreatic blood flow and pancreatic organ damage.
Interestingly, the same group in further studies demon-
strated an aggravated pancreatic injury in edematous pan-
creatitis when CGRP was applied after induction of the
disease [35, 36]. In contrast to the mild edematous pancre-
atitis induced in those experiments by repetitive subcuta-
neous caerulein injections, we induced SNP using the
GDOC model [34, 35]. The differing results are based on
the different pathophysiological mechanisms in the devel-
opment of edematous and necrotizing pancreatitis. Hyper-
circulation is a well-known microcirculatory disturbance
in acute edematous pancreatitis. Together with the pres-
ence of a capillary leakage, edema formation occurs [5].
This may be aggravated by an augmented pancreatic blood
tlow triggered by CGRP administration. In contrast, acute
necrotizing pancreatitis is characterized by hypoperfusion
of the pancreas leading to inflammation and pancreatic
organ damage [5]. This can be attenuated by CGRP as pre-
sented in our study. However, there is some evidence that
CGRP might exert pro-inflammatory effects in vitro [6,
37]. Zimmermann et al. [37] demonstrated an increased
leukocyte adhesion on human umbilical vein endothelial
cells by CGRP. However, the observed leukocyte adhesion
on human umbilical vein endothelial cells was only minor
compared to changes after application of pro-inflamma-
tory mediators, such as leukotriene B4 and platelet-activat-
ing factor, which are relevant for endothelium activation in
acute pancreatitis [37]. Moreover, the increased adhesion
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after CGRP application was not dependent on increased
expression of adhesion molecules such as ICAM-1, CD18,
E-selectin and L-selectin in vitro [3, 37].

Nevertheless, the anti-inflammatory effects seem to
be relevant in our experimental setting. A direct anti-in-
flammatory effect of CGRP has been shown in earlier
studies [7-9]. Manna and Aggarwal [38] demonstrated
that a-melanocyte-stimulating hormone is able to reduce
NF-kB activation due to an ;cAMP increase. The vasodi-
latatory properties of CGRP are also known to be induced
by a CGRP-dependent increase in ;cAMP [6]. NF-kB is
known to remote the expression of adhesion molecules as
well as the release of inflammatory mediators in acute
necrotizing pancreatitis [39].

In the present study, we demonstrate a correlation be-
tween CGRP application and reduced nuclear NF-«kB
p50/p65 activation in acute pancreatitis. Furthermore,
we could show a reduction of NF-kB-dependent inflam-
matory proteins and cytokines with subsequent reduc-
tion of firm leukocyte adhesion in postcapillary venules.
We suggest that administration of exogenous CGRP in-
duces an activation of adenylate cyclase resulting in de-
creased NF-kB activation and reduced pro-inflammato-
ry gene expression including inflammatory cytokines
and ICAM-1. These effects of CGRP improve pancreatic
microcirculatory impairment and attenuate morphologi-
cal damage in severe necrotizing pancreatitis. These find-
ings might open new options for pathogenetically orient-
ed therapeutic concepts.
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