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Abstract

The interaction between nitric oxide (NO) and superoxides is critical in the development of pancreatitis. Previously, we reported on the
up-regulation of oxidative stress and NO-synthase (NOS) in the human chronic pancreatitis and in an animal model of pancreatitis induced
by pancreatic duct ligation (PDL) in rats. We have shown that oxidative stress runs ahead of NOS up-regulation, which implies that the NO
enhancement in the course of pancreatitis is likely to be an adaptive mechanism aimed at maintaining the homeostatic cellular level of the
bioactive NO. Here, we report on the expression of NOS and oxidative stress markers (nitrotyrosine and 8-hydroxyguanosine) in the course
of cerulein-induced acute pancreatitis in rats. We found that the pattern of superoxide’s/NO interaction in this model of acute pancreatitis is
similar to that in the PDL-induced rat pancreatitis and in the human chronic pancreatitis. It means that cerulein-induced acute pancreatitis like
the PDL-induced pancreatitis is a proper model for further studies of pancreatitis development in humans.

Keywords: Acute Pancreatitis; Nitric Oxide Synthase; Oxidative Stress

Introduction

Acute pancreatitis is a sudden inflammation of the pancreas.
There has been increasing awareness over the last 20 years of
the role played by oxidative stress in acute pancreatitis. Oxidative
stress can produce a higher level of superoxides, such as multiple
types of reactive oxygen species (ROS) [1]. The interaction between
superoxides and nitric oxide (NO) is critical in the development of
pancreatitis [2] and, as a result, the cell is getting short of bioactive
NO and responses with up-regulation of NOS [3]. We have shown
earlier that oxidative stress runs ahead of NO-synthase (NOS) up-
regulation in pancreatic inflammation [4,5], which implies that the
increased NO generation in the course of acute pancreatitis is likely
to be an adaptive mechanism aimed at maintaining the homeostatic
cellular level of the bioactive NO. Whereas deleterious effects of
superoxides in acute pancreatitis are firmly established, data from
experimental models of acute pancreatitis are limited and still
remain ambiguous and species specific [6].

The obvious controversies and confusions in this area
necessitated a re-examination of the current knowledge

about NOS localization in pancreas employing state-of-the-art im-
munohistochemical technology employing highly sensitive method
of tyramine signal amplification (TSA). This platform was used in
this study on cerulean-induced pancreatitis in rats to characterize
dynamical changes in the expression of NOS and oxidative stress
markers-nitro tyrosine and 8-hydroxyguanosine (80HG). The pat-
tern of superoxides/NO interaction in the model of cerulein-in-
duced acute pancreatitis in rats was found to be similar to that re-
ported earlier by us for the rat model of pancreatitis induced by
pancreatic duct ligation (PDL) as well as for the human chronic
pancreatitis, which implies the applicability of this model for fur-
ther studies of pancreatitis development in humans.

Materials and Methods
Animals

The investigation conforms with Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996) and was per-
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formed in accordance with the guidelines of the Institutional An-
imal Care Committee, University of Muenster. The animal experi-
ments were performed under the permission A25/2005 from the
state NRW authority.

Supramaximal Secretagogue Stimulation in vivo

Male Wistar rats weighing 280-300g and keptin an environment
of constant temperature, humidity and day-night cycle was used.
Rats were anaesthetized with pentobarbital 30mg/kg. A cannula
was placed into the jugular vein, and the animals were infused
with supramaximal concentrations of cerulein (10pg/kg/h) for
up to 48h. Saline infused animals served as controls [7,8]. After
exsanguination under ether anesthesia the pancreas was rapidly
removed, trimmed of fat, fixed in buffered 4% formaldehyde and
routinely embedded in paraffin. The part of the pancreas probes
was frozen in liquid nitrogen and stored at 80°C for later protein
analysis [9]. Paraffin tissue sections (4mp thick) mounted on
Polysine microslides (Menzel Gldser, Braunschweig, Germany)
were deparaffinized with xylene and graded ethanol, while antigen
retrieval was achieved by heating the sections in 10 mM sodium
citrate buffer, pH 6.0, at 95°C for 30 min in a domestic vegetable
steamer.

Subsequently, sections were encircled with a water-repellent
PAP-pen (Dianova, Hamburg, Germany) and rinsed with PBS. PBS
was used for all dilutions and washing steps. Immunostaining was
performed according to the standard protocol routinely used for
immunohistopathology [10]. We recently reported that endogenous
Fc receptors in routinely fixed cells and tissue probes do not retain
their ability to bind Fc fragments of antibodies [11]; therefore,
blocking the endogenous Fc receptors prior to incubation with
primary antibodies was omitted.

Antibodies and Immunohistochemical Staining

After antigen retrieval, sections were immunoreacted with
primary antibodies over night at 4°C. Characterization of rabbit
primary polyclonal antibodies recognizing NOS,, NOS, and NOS,
(Transduction Laboratories, Lexington, KY, USA) including Western
blotting was described elsewhere. Primary anti-NOS antibodies
were diluted to a final concentration of 0.2-0.5pg/ml. Goatantiserum
to 8-hydroxyguanosine (80HG, a marker of oxidative damage to
nucleic acids, purchased from Serotec Ltd, Oxford, UK) was applied
at a dilution of 1:200. Rabbit antiserum to nitro tyrosine (Molecular
Probes, Leiden, The Netherlands) was used at a dilution of 1:200.
After immunoreactions with primary antibodies and following
washing in PBS, the sections were treated for 10 min with methanol
containing 0.6% H,0, to quench endogenous peroxidase.

For bright-field microscopy, bound rabbit primary antibodies
were visualized with blast amplification Buchwalow and Boecker
[10] employing correspondingly rabbit or mouse AmpliStain™ HRP
conjugates (SDT GmbH, Baesweiler, Germany) Buchwalow et al. [5]
and biotin-labeled tyramine in combination with HRP-avidin-biotin
complex (Vectastain “Elite” ABC-kit, Vector Laboratories, USA).
The HRP label was amplified with biotin-conjugated tyramine.
Biotin-tyramine conjugate was synthesized from tyramine-HCI
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(Sigma, T2879) and biotin-succinimidyl ester (BIO-NHS, Pierce,
Rockford, IL, 12062-22-0) in DMF Buchwalow and Boecker [10].
Incubation with biotin-tyramine conjugate was carried out at a
dilution 0f 1:1000 in PBS in the presence of 0.02% H202 for 3-8min.
Consequently, biotin label was detected using HRP-avidin-biotin
complex (Vectastain “Elite” ABC-kit, Vector Laboratories, USA).

To visualize the amplified HRP label, the samples were incubated
with DAB or Nova Red Kits (both from Vector Laboratories) for
5-10min and counterstained with Ehrlich hematoxylin for 30sec.
Tyramide amplification (TSA) allows an increase in the detection
of an antigenic site up to 100-fold compared with the conventional
indirect method with no loss in resolution. For fluorescent
visualization of bound goat primary antibodies, bound goat anti-
80HG antibodies were visualized with FITC-conjugated donkey-
anti-goat antibodies (Dianova, Hamburg, Germany). Finally,
samples were counterstained for 15sec with DAPI (5pg/ml PBS;
Sigma) and mounted with Vecta Shield (Vector Laboratories, USA).
The controls were omission of incubation with primary antibodies
or substitution of primary antibodies with the corresponding IgG at
the same final concentration as the primary antibodies.

Visualization and Image Processing

Immunostained sections were examined on a Zeiss Axioskop
microscope equipped with appropriate filters and AxioCam digital
microscope camera (Carl Zeiss Vision GmbH, Germany). Microscopy
and image processing were described elsewhere [10]. Images
shown are representative of at least 3 independent experiments,
which gave similar results. The images were acquired at 96 DPI and
submitted with the final revision of the manuscript at 300 DPI.

Western Blotting Procedure

Pancreas probes were homogenized in modified RIPA-buffer
(50mM Tris-HCL pH 7.4, 150mM NaCl, 1% NP-40, 0.25% Na-Deox-
ycholate, complete protease inhibitor cocktail (Roche, Mannheim,
Germany) and incubated for 20 min on ice. After 15 min centrifu-
gation (20000g, 40C) protein concentration of supernatant was de-
termined using BCA-Kkit (Pierce, Rockford, USA). For better separa-
tion protein lysates were cleaned using cleanup-kit (GE Healthcare,
Amersham, Freiburg, Germany). Proteins (50ug) were separated in
6% acrylamide gels and transferred over night with 30V onto PVDF
membranes (trans-blot cell apparatus, Biorad, Miinchen, Germany).

Transfer onto membrane was checked using fast green stain.
After destaining, blots were blocked for 1h in 5% nonfat skim
milk (solved in TBS with 0.1% Tween20). First antibodies were
diluted in blocking solution (NOS1 1:500, NOS3 1:250, all from
Transduction Laboratories) and incubated on the blots overnight at
40C. Positive controls were for NOS1 rat cerebrum lysate, for NOS3
human endothelial cell lysate, all from Transduction Laboratories.
Signals were detected by chemiluminescence using ECLplus system
(GE Healthcare, Amersham, Freiburg, Germany). Comparability of
protein content in the samples used was proven by determination
of GAPDH expression (house-keeping protein).

Results and Discussion
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Experimental Animal Model

The rats were infused with a supramaximal concentration
of the CCK analogue cerulein for up to 48h. As expected, the time
course induction of pancreatitis resulted in an incremental increase
in the pathological parameters [7]. Following criteria were used
to confirm that the rats in the experimental group developed
pancreatitis: macroscopic appearance of the pancreas, increase
in pancreatic wet/dry-weight ratio, histological examination,
transformation of acinar cells with their conversion to the
morphology of ductal cells, interstitial oedema, inflammatory cell
infiltration, acinar cell vacuolization and raised serum amylase
activities, as described elsewhere [4,5,9,12,13]. Pancreas recovery
was almost completed after 48h. Cerulein induced pancreatitis
has similar pathophysiological properties compared to human
edematous pancreatitis, manifesting with dysregulation of digestive
enzyme production and cytoplasmic vacuolization, the death of
acinar cells, edema formation, and infiltration of inflammatory cells
into the pancreas [14,15].

NOS Expression Pattern in Pancreatitis
4 2\

Figure 1: The same pattern of NOS expression dynamic
was registered also in this study on the cerulein-induced

rat pancreatitis.
N J

Earlier, we reported that, in contrast to the commonly accepted
view, all three NOS isoforms are expressed not only in pancreatic
islets [16-19], but also in the exocrine compartments and in the
vasculature. In pancreatitis, the expression of NOS was up-regulated
especially within the exocrine compartment [4,5], which reflects an
exceptional vulnerability of the exocrine parenchyma. In the time
course of the PDL-induced rat pancreatitis [4], dynamical changes
in the expression of all three NOS isoforms, NOS1, NOS2 and NOS3,
run in parallel. The same pattern of NOS expression dynamic was
registered also in this study on the cerulein-induced rat pancreatitis

(Figure 1). The time course induction of acute pancreatitis in
the present study resulted in an incremental increase in the NOS
immunostaining in the cells of exocrine pancreas with a peak at 4
and 12h, especially in acini and in invading inflammatory cells. As
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the pancreas recovery was almost completed after 48 h, all three
NOS isoforms expression returned practically to the normal level
to that time.

Because of a rather high positive basal level of NOS immunos-
taining in Langerhans islets of normal pancreas we were unable to
register any noteworthy NOS up-regulation of in the pancreatic is-
lets in pancreatitis (not shown). In the course of pancreatitis, the
ratio of cells with positively immunoreacting nuclei in the exocrine
component of the pancreas drastically increased (Figure 1). Earli-
er, we have reported on the nuclear localization of NOS in cultured
neonatal rat cardiomyocytes [20] and in muscular fibers of patients
with Duchenne muscular dystrophy [21]. It seems that a similar
control of NO signalling in nuclei intervened in many cell types
under physiological or path physiological conditions [22]. The lo-
calization or migration of the NOS isoforms into the nucleus might
provide a subcellular environment more suitable than cytosol for a
more specific and effective action of NO-producing systems, and for
their more direct nuclear control.

In the vasculature, vascular smooth muscle exhibited a marked
expression of NOS1, whereas the intima of larger blood vessels
revealed as a rule a positive immunoreaction only NOS3, like shown
by us earlier for the human pancreas [23]. This is also in accord
with indications in the literature that the media of blood vessels
possess different physiological characteristics and differently
respond to established relaxants such as acetylcholine even in
the endothelium-independent mode [24]. Because of a rather
high positive basal level of NOS1 immunostaining in the media of
blood vessels in normal pancreas, we were unable to register any
noteworthy NOS up-regulation of in the vasculature in the course
of pancreatitis. The time-course of NOS expression in the cerulein-
induced rat pancreatitis was confirmed by Western blotting (Figure
2) with anti-NOS1 and anti-NOS3 antibodies showing the presence
of characteristic immunoreacting protein bands for NOS1 (155
kDa) and NOS3 (140 kDa).

4 A

control cerulein
I'A B! 1on 4h 12n 48n!

NOS1 -
o5 ]

.

GAPDH \.q_J

Figure 2: The time-course of NOS expression in the
cerulein-induced rat pancreatitis was confirmed by
Western blotting.

J

Western blotting of pancreatic NOS protein expression during
48h pancreatitis time-course experiments revealed marked NOS
up-regulation at the time points of 4 and 12h, which is in agreement
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with data on NO overproduction by acinar cells found in response
to cerulein hyperstimulation at these time points [25]. Interestingly,
we detected double bands for NOS3 with a pronounced molecular
weight shift to a higher molecular weight at the time points of 4 and
12h. A double protein band for NOS3 was also found earlier in the
Western blots of blood vessels [23]. The shift in molecular weight
of NOS3 during an acute pancreatitis may account for a strong
phosphorylation of the protein. Phosphorylation of NOS3 at several
sites is involved in the activation of nitric oxide synthesis [26].

Expression Pattern of Oxidative Stress Markers-Nitroty-
rosine and 80HG-in Acute Pancreatitis

Nitrotyrosine formed by peroxynitrite-mediated nitration of
protein tyrosine residues is a marker of oxidative protein damage
[27,28], whereas 80HG is a biomarker of oxidative DNA base
damage [29]. In the course of cerulean-induced pancreatitis, the
expression of both oxidative stress footprints - nitrotyrosine and
80HG - reached its maximum as early as at 30 min, persisted till
4 h and markedly decreased to 12 h (Figure 3), whereas the peak
of NOS expression was registered at 4 and 12 h time point. In
contrast to positive immunostaining for nitrotyrosine in exocrine
cells in pancreatitis, no discernible increase was detected in the
vasculature, like it was earlier reported for pancreas of patients
with chronic pancreatitis [5]. Pancreatic islets revealed a significant
immunoreactivity to anti-nitrotyrosine antibodies also in normal
pancreas (not shown), like it was also reported earlier by Nakazawa

etal. [30].
e N

Figure 3: The expression of both oxidative stress footprints
- nitrotyrosine and 8OHG - reached its maximum as early
as at 30 min, persisted till 4 h and markedly decreased to
12 h.

A\ J

The constitutive expression of nitrotyrosine implies that
nitration might be an important physiological pathway of NO
metabolism, and not merely a footprint of oxidative stress. 80HG,
a biomarker of oxidative DNA base damage, is an oxidative
derivative of guanosine, a modified base which occurs in DNA as a

Biomedical Journal of
Scientific & Technical Research (BJSTR)

result of oxidative stress [29]. According to the manufacturer, goat
antiserum to 8-hydroxyguanosine (80HG) cross reacts also with
8-hydroxydeoxyguanosine (80HdG); this was proved by us with
preabsorption control with a 10-fold molar excess of corresponding
substrates. Figure 4 demonstrates a dramatic increase in 80HG
immunostaining in the initiation of acute pancreatitis. 80HG
immunostaining persists at this level till for 4h. As after 48h
pancreas recovery is almost completed, 80HG expression tends
to return to the normal level. Enhanced 80HG immunostaining in
pancreatitis was observed both in the cytoplasm and in the nuclei

of exocrine pancreatic cells.
4 2\

Figure 4: demonstrates a dramatic increase in 8OHG
immunostaining in the initiation of acute pancreatitis.

Cytoplasmic immunostaining is indicative of a pronounced
oxidative damage also of cytoplasmic nucleic acids. Our findings
indicate that oxidative protein modifications and oxidative
DNA base damages are very early events in the initial 30 min of
cerulein-induced pancreatitis, which is in accord with the report
of Reinheckel et al. [31] that protein oxidation precedes the
formation of the lipid peroxidation product malondialdehyde, as
well as edema and the increase in serum amylase. It implies that
the outbreak of oxidative stress paves the way for the up-regulation
of NOS in pancreatitis and that the NOS up-regulation is secondary
in pancreatitis development being likely an adaptive mechanism
aimed at maintaining the homeostatic cellular level of the bioactive
NO.

NO in Pancreatitis: Interplay between NO and Superox-
ides

The boundary between biology and pathobiology of the
NO signaling is demarcated by the delicate balance between
superoxides production rate and the ability of the body to
maintain the homeostatic cellular level of the bioactive NO. In
view that superoxides, known as NO scavenger, remove NO from
its regular physiological course thereby reducing NO bioactivity
and bioavailability, the interception of free radical reactions using
antioxidants received attention by a number of investigators.
Antioxidant therapy may alleviate the symptoms or prevent the
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development of pancreatitis. However, dosage levels and duration
of antioxidant treatment should be carefully determined, since
chronic administration of high doses of antioxidants may have
deleterious effects [32]. Of equal importance is the time point of
beginning of the antioxidant therapy. Some studies were able
to demonstrate beneficial effects of antioxidants on parameters
of pancreatic injury and acute pancreatitis like survival, edema,
hyperamylasemia and macroscopic or histologic alterations, when
the antioxidants where administered prior to the induction of
experimental pancreatitis [33,34].

However, the attempts to treat the experimental animals
with different regimens of antioxidative therapy after onset of
pancreatitis were not successful [31]. Differences in the success rate
of studies that administered antioxidants therapeutically during
or after initiation of experimental pancreatitis may be explained
by the fact that oxidative stress and oxidative protein and DNA
modifications are very early events in the initial period of cerulein
pancreatitis preceding NOS up-regulation. The differences may also
be explained by the complex and sometimes paradoxical interplay
between NO and superoxides. In inflammatory diseases like
pancreatitis, superoxides up-regulate also other enzymes engaged
in the L-arginine-NO-cGMP signaling, including cyclic nucleotide
phosphodiesterases (PDE) [35] and arginase [36]. NO activates
SGC [37], and the latter converts GTP to cGMP. PDE deteriorates NO
signaling by degrading cGMP to its inactive isomer, GMP.

Arginase restricts NO generation on a competitive basis. As
a result, getting short of bioactive NO the cell responses with up-
regulation of NOS and enzymes engaged in detoxification of ROS,
including catalase and superoxide dismutase [38]. In more detail,
the NO/superoxides signalling pathways in pancreatitis were
discussed in our previous publication [5]. Well-defined, clinical
studies involving samples from patients suffering from pancreatitis
are therefore needed to validate the role of oxygen radicals in this
disease. Restoration of the bioactive NO level with exogenous NO
donors or supplementation with antioxidants that are deficient in
patients with pancreatitis might be a feasible option for designing
new adjunctive therapies for pancreatic disorders.
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