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Atrial natriuretic peptide reduces inflammation and enhances
apoptosis in rat acute pancreatitis
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Abstract
Aim: We previously reported that atrial natriuretic peptide (ANP) reduces serum

amylase and intrapancreatic trypsinogen activation in the onset of acute pancreati-

tis whereas secretin increases them. In the present work, we sought to establish

the effect of ANP and secretin on the inflammatory response and cell death in

experimental acute pancreatitis.

Methods: The expression and activity of key inflammatory mediators and apop-

tosis were evaluated in the presence or absence of the atrial peptide, secretin or

both in cerulein-induced acute pancreatitis in rats. Also, ultrastructural changes in

pancreatic acinar cells were assessed by transmission electron microscopy.

Results: ANP significantly reduced NF-jB activation and TNF-a intrapancreatic

levels. Furthermore, it decreased inducible nitric oxide synthase and cyclooxygenase 2

expression and activity while it diminished myeloperoxidase activity. ANP also stimu-

lated apoptosis as shown by caspase-3 expression and activation as well as TUNEL

assay. These findings correlated well with the ultrastructural changes observed in the

exocrine pancreas. Although secretin reduced various inflammatory markers, it also

diminished caspase-3 activation and the overall response was the aggravation of the

disease as reflected by the ultrastructural alterations of pancreatic acinar cells. In the

presence of ANP, various effects evoked by secretin were antagonized.

Conclusion: Present findings show that ANP significantly attenuated the severity

of acute pancreatitis in the rat by inducing apoptosis and reducing the inflamma-

tory response and further suggest that ANP may have eventual therapeutic impli-

cations in the disease and/or in medical interventions at risk of its developing like

endoscopic retrograde cholangiopancreatography.
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1 | INTRODUCTION

Acute pancreatitis (AP) is an inflammatory disease of the
pancreas associated with significant morbidity that unfortu-
nately has no specific therapy. It is a potentially life-threa-
tening condition with varying severity of presentation
(mild, moderate or severe, according to the updated Atlanta
classification). Most patients (approx. 80%) suffer a mild
and self-limiting disease that resolves without serious com-
plications, but about 20% of the cases develop multiple
organ dysfunction syndrome, associated with high mortality
rate. The course and severity of AP can fluctuate rapidly
and unpredictably, and unfortunately, there is currently no
ideal predictor of severity.1

For many years, cathepsin B-mediated intrapancreatic
trypsinogen activation was considered causally responsible
for the pathogenesis of AP.2 However, clinical studies
showed that protease inhibitors were not completely effec-
tive in the disease.3 Recent findings support that although
premature trypsinogen activation is a major event leading
to cell death during early pancreatitis and responsible for
half of eventual pancreatic injury in the disease, nuclear
factor kappa B (NF-jB) activation accounts for local
inflammation contributing to pancreatic injury and the
eventual widespread systemic inflammatory response.4

Interventions preventing NF-jB activation reduce the
severity of AP as shown in different experimental models.5

Therapies targeting the inhibition of both trypsinogen and
NF-jB activation would be desirable.

In AP, the acinar cell dies by necrosis and apoptosis
and the magnitude of each type of cell death conditions the
course of the disease. Acinar cell necrosis exacerbates
inflammation, and favours distant organ failure, thus corre-
lating with poor prognosis.6 Apoptosis instead limits
inflammation because the cytoplasmic content is packaged
in apoptotic bodies and these membrane-bound cell frag-
ments are rapidly degraded, and so it is associated with a
better outcome.7 In AP, apoptosis is mediated by both the
extrinsic and the intrinsic pathways, being the former initi-
ated by caspase-8 following tumour necrosis factor (TNF)-
a or Fas receptor activation whereas the latter involves
mitochondrial permeabilization followed by the release of
cytochrome-c and other pro-apoptotic factors. Both path-
ways then activate the effector caspase-3, which drives the
apoptotic machinery by the cleavage of various substrates,
such as poly (ADP-ribose) polymerase 1 (PARP-1). Vari-
ous studies show that in AP, caspases not only stimulate
apoptosis but also inhibit necrosis, leading to a better prog-
nosis of the disease.7 Switching necrosis to apoptosis
would be a beneficial therapeutic approach.

Atrial natriuretic peptide (ANP), a member of the natri-
uretic peptide family, plays a relevant role in the regulation

of cardiovascular and renal function but increasing evi-
dence supports that it also modulates digestive physiol-
ogy.8,9 We previously reported that ANP through the
natriuretic peptide type C receptor (NPR-C) coupled to the
phospholipase C/protein kinase C (PLC/PKC) pathway
stimulates pancreatic secretion, and negatively regulates
cAMP intracellular levels in the pancreas evoked by pan-
creatic secretagogues like secretin and vasoactive intestinal
peptide.10-12 ANP stimulates cAMP efflux of the acinar cell
through multidrug resistance-associated protein type 4
(MRP4) as a regulatory mechanism in addition to phospho-
diesterase activity to restrict the intracellular accumulation
of the cyclic nucleotide within the acinar cell to prevent
cell damage.13 In this sense, we reported that early AP is
aggravated by enhanced intracellular cAMP, but pre-treat-
ment with ANP through NPR-C activation attenuates the
severity of the disease by extruding the second messen-
ger.14 In addition, ANP reduces serum amylase and intra-
pancreatic trypsin content, suggesting diminished acinar
cell injury, which was further confirmed by light micro-
scopy studies showing reduced acinar cell vacuolization
and necrotic areas.14 Further, we showed that secretin,
which signals through cAMP, aggravates the course of AP
as it significantly increases trypsinogen activation and amy-
lase activity, but ANP ameliorates in part secretin action.14

The protective effect of ANP at early stages of AP is partly
mediated by ANP-induced cAMP efflux through MRP4.

Studies in macrophages and other immune cells show
that ANP displays anti-inflammatory properties given that
it inhibits the synthesis and release of pro-inflammatory
cytokines and reduces the expression of several adhesion
molecules with a pivotal role during the inflammation pro-
cess.15 Several immune cells synthetize ANP and express
natriuretic peptide receptors.16-18 In addition, various
reports show that ANP exerts cryoprotective effects in car-
diomyocytes, hepatocytes and vascular smooth muscle
cells, endothelial and renal cells in different pathophysio-
logical situations.19 Therefore, in this study, we sought to
establish the role of ANP and secretin in the inflammatory
response and acinar cell death in cerulein-induced AP in
the rat.

2 | RESULTS

2.1 | ANP reduces NF-jB and ERK 1/2
activation

NF-jB (p65 subunit) translocates to the nucleus to promote
the synthesis and expression of cytokines and pro-inflam-
matory factors.20 The expression of p65 was assessed in
nuclear pancreatic extracts and results showed that in ceru-
lein-treated animals, p65 was enhanced, but it was
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significantly reduced by ANP (Figure 1A). Surprisingly,
secretin also decreased p65 nuclear translocation, and fur-
ther in the presence of both peptides, p65 expression was
similar to control. The level of NF-jB activation was fur-
ther confirmed by the expression of the inhibitor jB (IjB)-
a, which normally represses p65 nuclear translocation.5

Both ANP and secretin increased IjB-a expression, in
accordance with reduced NF-jB activation (Figure 1B).

ERK 1/2 activation is an initial event in AP and is one
of the pathways involved in NF-kB activation and cytokine
release.21 ERK 1/2 phosphorylation was enhanced in AP,
but pre-treatment with ANP reduced it to control values
(Figure 1C). Secretin did not modify ERK 1/2 activation in
AP, but when co-infused with ANP, ERK 1/2 phosphoryla-
tion was significantly reduced.

2.2 | ANP reduces intrapancreatic TNF-a
and myeloperoxidase (MPO) activity

NF-jB activation leads to enhanced TNF-a production.22

Intrapancreatic TNF-a was increased in cerulein-treated
rats, but it was reduced to control values by ANP (Fig-
ure 2A). Although secretin reduced NF-jB activation, the
hormone failed to reduce TNF-a, supporting that factors
others than NF-jB stimulate its production in AP.

Neutrophil infiltration, stimulated by cytokines and
chemokines, is a main cause of tissue damage in AP.6 In
the present study, neutrophil infiltration was estimated by
the activity of intrapancreatic MPO, the most abundant
pro-inflammatory enzyme stored in these cells. Both secre-
tin and ANP reduced MPO activity in AP, although ANP
effect was more prominent. Combined administration of
both peptides failed to further decrease MPO activity as
compared with ANP (Figure 2B). Unexpectedly, the sole
administration of ANP to control rats induced a small but
significant increase in MPO activity.

2.3 | ANP reduces inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX2)
expression and activity

Several studies support a deleterious effect mediated by
nitric oxide overproduction derived from iNOS activation
in AP.23 The expression of iNOS increased in AP, but it
was reduced to control values in the presence of secretin,
ANP or both peptides (Figure 3A). Accordingly, iNOS
activity correlated well with the enzyme expression (Fig-
ure 3B). The increase in COX-2 expression at early stages
of AP is associated with poor clinical prognosis.24 COX-2
expression was significantly diminished by ANP or secre-
tin, although the effect of ANP was more prominent (Fig-
ure 3C). When both peptides were co-infused, the
reduction of COX-2 was even lower. The activity of COX-

2, estimated through the assessment of prostaglandin (PG)
E2 intrapancreatic content, followed COX-2 expression pat-
tern (Figure 3D).

2.4 | ANP stimulates apoptosis

TUNEL assay studies showed that ANP stimulated apopto-
sis not only in AP but also in control animals (Figure 4A).
Secretin also increased apoptotic cells in normal animals
but not in rats with AP. Although an increasing tendency
was observed in rats with AP in the presence of secretin, it
is not statistically significant as compared with animals
with AP alone. Assessment of caspase-3 expression showed
that ANP significantly enhanced it, although secretin
clearly diminished it in rats with AP (Figure 4B). These
findings were in accordance with caspase-3 activity as
shown in Figure 4C. The enzyme activity was also indi-
rectly assessed by cleavage of PARP-1 and results further
confirmed caspase-3 activity (Figure 4D). Altogether, these
findings support that ANP but not secretin stimulates apop-
tosis in AP.

2.5 | ANP attenuates the major
ultrastructural pancreatic features in AP

Ultrastructural changes in the exocrine pancreas were
assessed to determine whether they correlated with the bio-
chemical changes observed in the different experimental
groups. Control animals showed regular acinus, well orga-
nized with intact gap junctions (GJ) (Figure 5A). Nucleus
(not seen in this micrograph) was localized at the basolat-
eral area surrounded by abundant rough endoplasmic retic-
ulum (ER) with regular parallel arrangement of the stacks
and numerous zymogen granules (ZG) at the apical zone
close to the acinar lumen (L) (Figure 5A). Animals with
cerulein-induced pancreatitis showed clear features of AP
like loss of gap junctions, cytoplasm vacuolization (V),
oedema (E), few zymogen granules dispersed in the cyto-
plasm, endoplasmic reticulum (ER) swelling, nuclear inter-
digitation and disrupted basement acinar cell membranes
indicative of necrosis (Figure 5B). In addition, autophago-
somes (A) containing disintegrating organelle membranes
and nuclear fragments were also observed. The presence of
nuclear fragments in these organelles was consistent with
the observation of vacuoles positive for TUNNEL assay
(data not shown). Mitochondria (M) showed swelling and
deformed cristae whereas nuclei peripheral condensation of
chromatin is indicative of apoptosis (Figure 5B).

In the presence of secretin, animals with AP showed
enhanced cytoplasmic vacuolization (V) and oedema (E),
endoplasmic reticulum (ER) swelling with loss of ribo-
somes, mitochondria (M) with dilated and abnormal cristae
as well as increased myelin-like bodies (MLB) indicative
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of necrosis (Figure 5C). Furthermore, increased acinar cells
with disrupted basement membrane were also observed.
These findings show that although secretin reduced some
inflammatory mediators, these changes failed to impact on
the ultrastructure of acinar cells (Figure 5C). When animals
with AP were treated with ANP, a significant improvement

of exocrine pancreatic morphology was observed. Cytoplas-
mic vacuolization (V), endoplasmic reticulum (ER) swel-
ling and necrotic areas were significantly reduced, whereas
cellular gap junctions (GJ) within acini were preserved
(Figure 5D). In addition, apoptotic nuclei were significantly
enhanced as compared with the other experimental groups.
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FIGURE 1 ANP decreases NF-jB activation and ERK 1/2 phosphorylation in acute pancreatitis. The expression of NF-jB (p65 subunit)
(A), IjB-a (B) and pERK 1/2 (C) was determined by Western blot as detailed in Materials and Methods. Representative Western blots and the
densitometric analysis expressed in arbitrary units are shown. *: P < .05, **: P < .01 and ***: P < .001 vs control; #: P < .05 and ###:
P < .001 vs cerulein; ++: P < .01 and +++: P < .001 vs cerulein + secretin. Number of cases 4-6
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Furthermore, ANP also ameliorated the morphological
changes induced by secretin in AP (Figure 5E). Lower
power micrographs are shown as Figure S1.

3 | DISCUSSION

The major finding of the present work was that ANP signifi-
cantly attenuated the course of AP by reducing the inflamma-
tory response and stimulating apoptosis, suggesting a
potential therapeutic and/or prophylactic effect in medical
interventions like endoscopic retrograde cholangiopancre-
atography (ERCP). Despite numerous studies over the past
years, the inner aspects of AP pathogenesis remain elusive,
and although different theories have been proposed, they can
only explain certain aspects of the pathogenesis.

Cathepsin B-induced trypsinogen activation was for the
last decades the most accepted theory in the pathogenesis
of AP. However, studies performed in trypsin or cathepsin
B deficient animals revealed that although trypsinogen acti-
vation within the pancreas is a major event leading to aci-
nar cell death in AP, it is not sufficient to explain the
whole pathogenesis.25 Several studies show that NF-jB
activation is a key event for the initiation of the disease
independent of trypsinogen activation.2 NF-jB activation
occurs at early stages of AP and is responsible for the
development and propagation of the local inflammatory
response through the synthesis and expression of cytokines
and inducible enzymes like iNOS and COX-2. The level of
NF-jB activation correlates with the severity of AP.26

We show here that ANP decreased the nuclear translo-
cation of NF-jB (p65 subunit) and TNF-a intrapancreatic

content in AP, consistent with previous studies in immune
cells and other cell types.15,27 The reduction of NF-jB acti-
vation induced by ANP in AP was higher in the presence
of secretin. Previous studies showed that ANP prevents
liver injury induced by ischaemia-reperfusion by reducing
NF-jB and TNF-a synthesis and release through NPR-A
receptors coupled to guanylyl cyclase activation.15 Further-
more, ANP also displays anti-inflammatory effects in the
kidney, heart and lung.27

In the exocrine pancreas, ANP signals preferentially
through NRP-C receptors coupled to Gi activation, and reg-
ulates intracellular cAMP levels to prevent acinar cell
injury.13,14 Various studies reveal that cAMP is a modula-
tor of NF-jB action, although the positive or negative
effect on the transcription factor appears to be highly cell
type- and context-dependent, as it is its role in programmed
cell death.28 Although secretin reduced NF-jB activation,
it failed to diminish mediators like TNF-a or ERK 1/2,
which exert positive feedback on the local inflammatory
response.

In the onset of AP, nitric oxide and PGs are released in
large amounts due to the activation of iNOS and COX-2,
enzymes playing a pivotal role in the inflammatory
response. The overproduction of nitric oxide and PGs may
be detrimental for cell survival and different studies show
that a constant crosstalk between both pathways exists at
different levels.29 The regulation of iNOS activity is rather
complex and involves different mediators. The synthesis is
partially controlled by NF-jB, but ANP can reduce iNOS
mRNA stability and L-arginine uptake in macrophages.30

Further, COX derivatives also regulate the nitric oxide
pathway. During inflammation, iNOS activation generates
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FIGURE 2 ANP decreases TNF-a and MPO activity in acute pancreatitis. TNF-a intrapancreatic content (A) and MPO activity (B) were
assessed as detailed in Materials and Methods. *: P < .05, **: P < .01 and ***: P < .001 vs control; ##: P < .01 and ###: P < .001 vs cerulein;
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high amounts of nitric oxide which is deleterious for the
cells.23 In AP, ANP reduced both the expression and activ-
ity of iNOS, which correlated with a significantly lesser
degree of necrosis as shown by ultrastructural studies.

Furthermore, ANP also reduced COX-2 expression and
PGE2 levels. Accumulating evidence indicates the essential
contribution of the COX-2 pathway to cerulein-induced
acute pancreatitis because its inhibition ameliorates the
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FIGURE 3 ANP diminishes iNOS and COX-2 activity and expression in acute pancreatitis. The expression of iNOS (A) and COX-2 (C)
was determined by Western blot as detailed in Materials and Methods. Representative immunoblots and the densitometric analysis expressed in
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disease.24,31 Upregulation of COX-2 expression is mediated
by NF-jB, TNF-a and pERK 1/2, so the reduced expres-
sion of the enzyme might result from the attenuation of
such mediators induced by ANP.32 However, a direct effect
cannot be excluded, given that previous studies show that
ANP inhibits COX-2 expression in macrophages through
NPR-C receptors.33 In addition, the activity of COX-2 is

regulated by nitric oxide but also by iNOS, which binds to
COX-2 and s-nitrosylates it, thus enhancing its activity.34

PGE2, the major product of COX-2, propagates the inflam-
matory response, so ANP-induced PGE2 decrease is in line
with the reduced expression of the enzyme. However, ANP
also stimulates MRP4, which is a transporter for cAMP,
but for which PGE2 is also physiological substrate.14,35
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Thus, the contribution of MRP4 stimulated by ANP to
reduce intrapancreatic PGE2 is likely to also occur.

In the onset of AP, the release of inflammatory signals
from acinar cells promotes the recruitment and activation
of neutrophils, which contribute to induce an intense local
inflammatory response that may eventually become sys-
temic. Recent advances show that neutrophils are central to
the evolution of severe AP, mediating local tissue damage
as well as distant organ injury.6 In this sense, diverse inter-
ventions targeting neutrophils have been effective in reduc-
ing tissue damage. ANP decreased intrapancreatic MPO
activity in AP suggesting less neutrophil infiltration which
was supported by less acinar cell damage at the ultrastruc-
tural level.

The intense local inflammatory response in AP induces
cell death mainly by necrosis which helps to propagate
inflammation. Apoptosis was clearly stimulated in the pres-
ence of ANP and diminished in the presence of secretin.
Several studies support that the severity of AP correlates
directly with necrosis and inversely with apoptosis.7,36

Necrosis is associated with poor prognosis, potential multi-
organ failure and death whereas apoptosis with a better
outcome given that the inflammatory response is limited
because cells preserve the structural integrity of the plasma
membrane. A recent report shows that during AP, cathepsin

B leaks to the cytosol from colocalized organelles and is
responsible for the stimulation of apoptosis, although when
excessively released it causes necrosis.37 Switching from
necrosis to apoptosis is one of the big issues in the devel-
opment of therapies for AP.38 We previously reported that
ANP reduces the extent of necrosis in AP so we evaluated
whether it favoured apoptosis.14 The atrial peptide stimu-
lated caspase-3 activity and expression as well as cleaved
PARP-1, an early substrate of the enzyme, which is able to
switch the type of cell death from apoptosis to necrosis.39

Furthermore, it also significantly increased the number of
apoptotic nuclei as revealed by TUNEL assay. These find-
ings show that ANP switches necrosis to apoptosis. Secre-
tin diminished apoptosis as reflected on caspase-3
activation and expression and increased necrosis. Interest-
ingly, in the presence of secretin that aggravates AP, the
effect of ANP on apoptosis was increased as shown by cas-
pase-3 activity and expression, and increased apoptotic
nuclei. This finding suggests that the stimulation of apopto-
sis by ANP would be higher when the disease is more
severe.

It is worth noting that the nuclear protein PARP-1 is
not only involved in DNA repair and cell death by necro-
sis, but it also plays a significant role in inflammatory dis-
orders as it influences the expression of pro-inflammatory

(A) (B)

(C) (D)

(E)

FIGURE 5 ANP prevents most of the
ultrastructural changes of the acinar cells in
the early stages of acute pancreatitis.
Representative transmission electron
micrographs of pancreatic acinar cells
derived from control animals (A) and with
acute pancreatitis (B) infused with secretin
(C), ANP (D) or secretin + ANP (E). E,
oedema; ER, endoplasmic reticulum; F,
phagolysosome; GJ, gap junction; L,
lumen; M, mitochondria; N, nucleus; V,
vacuole; ZG, zymogen granule; MLB,
myelin-like body. See text for details
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cytokines like TNF-a, iNOS, COX-2 and inflammation
adhesion molecules.40 It has been reported that PARP-1
promotes NF-jB activation and enhanced inflammatory
mediator’s gene expression.40 Genetic or pharmacological
blockade of PARP-1 significantly attenuates the severity of
AP.41

Present findings support that ANP attenuated the
inflammatory response and stimulated apoptosis in ceru-
lein-induced AP. The beneficial effect of ANP was
reflected on the ultrastructure of the pancreatic acinar cells.
In the presence of ANP, ER and mitochondrial swelling,
cytoplasmic vacuoles and necrotic areas were significantly
reduced, whereas cellular gap junctions within acini were
preserved. Although secretin also reduced some inflamma-
tory mediators, it was not sufficient to protect the exocrine
pancreas from severe acinar cell damage as shown by the
ultrastructural changes observed. Secretin clearly aggra-
vated AP reflected on diminished apoptosis, increased
number of vacuoles, autophagosomes and myelin-like bod-
ies and deformed ER with loss of ribosomes and mitochon-
dria with dilated cristae. It is worth noting that ANP
reduces premature trypsinogen activation whereas secretin
significantly enhances it.14

ERCP is the first therapeutic choice for many biliary
and pancreatic disorders. The most frequently occurring
complication of this endoscopic procedure is AP, and vari-
ous strategies have been used to reduce the incidence of
AP particularly pharmacological and endoscopic meth-
ods.42,43 Prophylactic administration of protease inhibitors
and non-steroidal anti-inflammatory drugs has been shown
effective in reducing the risk of post-ERCP pancreatitis.44

Present and previous findings support that ANP attenuates
the severity of AP in the rat. The atrial peptide downregu-
lates the activation of the two major players involved in
AP pathogenesis, trypsinogen and NF-jB, and further, it
switches cell death from necrosis to apoptosis. Previous
studies have also shown that ANP displays cytoprotective
effects in cardiovascular, hepatic and renal diseases as
shown by experimental and clinical studies.19 It is impor-
tant to point out that although ANP displays vasodilation
properties, the dose of the peptide used in the present study
does not induce haemodynamic changes. The course of AP
was significantly ameliorated in the presence of ANP, sug-
gesting that the atrial peptide may have eventual therapeu-
tic implications in the disease and/or medical interventions
at risk of the disease development like ERCP.

4 | MATERIALS AND METHODS

4.1 | Animals and reagents

Female Sprague Dawley rats (180-210 g) were housed in
steel cages and maintained at 22-24°C in a controlled room

with a 12-hour light-dark cycle (light from 07:00 to
19:00 hour). Experimental protocols were approved by the
Animal Care Committee of the Facultad de Farmacia y
Bioqu�ımica de la Universidad de Buenos Aires (CICUAL-
FFYB #4107/15). All procedures complied with the recom-
mendations of the Guidelines for the Care and Use of Lab-
oratory Animals (National Institutes of Health publication
N85-23, 1985; revised 1996). Most reagents were from
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise sta-
ted.

4.2 | Experimental protocol

The experimental protocol in the present study was the
same used in previous studies aiming to unveil the role of
ANP in AP.14 Animals were fed standard animal laboratory
chow (Gepsa Feeds, C�ordoba, Argentina), given water ad li-
bitum, fasted overnight and randomly assigned to control
or experimental groups. Animals were anaesthetized with
ethyl urethane (1.25 g/kg ip), and AP was induced by four
repetitive intraperitoneal injections of 40 lg/kg cerulein
dissolved in saline.14ANP (1 lg/kg/h) (American Peptide
Company, Sunnyvale, CA, USA) alone or with secretin
(1 U/kg/h) (American Peptide Company) was infused by a
cannula at the left jugular vein for 60 minutes starting
30 minutes before the first cerulein injection.10,14 Saline-
infused animals served as controls. Animals were killed by
decapitation at 1 hour after the last cerulein injection, and
blood and pancreatic tissue samples were harvested for bio-
chemical determinations, Western blot assays and transmis-
sion electron microscopy studies. Animals with AP showed
plasma amylase values threefold over control, whereas the
other groups exhibited values as previously reported.14

4.3 | Western blot assays

Protein expression was assessed by immunoblotting in pan-
creatic homogenates except for NF-jB (p65 subunit) that
was determined in pancreatic nuclear cell extracts as
detailed below. Experimental procedures for Western blot
were as previously detailed.14 Samples separated on SDS-
PAGE and electro-transferred to PVDF membranes were
then exposed to primary antibodies overnight at 4°C, fol-
lowed by horseradish peroxidase (HRP)-conjugated anti-
rabbit (W4011) (Promega, Madison, WI, USA) or anti-
mouse (sc-2005) (Santa Cruz Biotechnology, Dallas, TX,
USA) antibodies for 1 hour at room temperature. Mem-
branes were developed by a bioluminescent Western blot-
ting detection system (Kalium Technologies, Buenos Aires,
Argentina) and exposed to X-ray films or assessed by a
digital system (GeneGnome XRQ; Syngene, Maryland,
MD, USA). The following primary antibodies were used:
anti-p65 (610868) (BD Biosciences, San Jose, CA, USA);
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anti-COX-2 (ab-15191) and anti-iNOS (ab-15323) (Abcam,
Cambridge, UK); and anti-caspase-3 (sc-7148), anti-IjB-a
(sc-371), PARP-1 (sc-7150), anti-lamin B1 (sc-377000),
anti-ERK 1/2 (sc-94), anti-pERK 1/2 (sc-7383) and a-tubu-
lin (sc-58666) (Santa Cruz Biotechnology). ERK 1/2 was
used as loading control except for NF-jB expression where
lamin B was used.

4.4 | Preparation of nuclear extracts

Nuclear protein extracts were obtained as previously
described with minor modifications.20 Pancreatic tissue was
homogenized in sucrose-Hepes buffer containing protease
inhibitor cocktail. Following centrifugation at 4000 g for
10 minutes, pellets were suspended in 10 mmol/L Hepes
(pH 7.9), 10 mmol/L KCl and 1.5 mmol/L MgCl2 with 1%
NP-40 and protease inhibitor cocktail and incubated on ice
for 3 minutes. Samples were then centrifuged at 4000 g for
10 minutes, and pellets washed, resuspended in 10 mmol/L
Hepes, 2 mmol/L EDTA, 0.42 mmol/L KCl, 1.5 MgCl2
and 20% (vol/vol) glycerol and further incubated on ice for
20 minutes. Following centrifugation at 18 000 g for
20 minutes, supernatants were diluted in 10 mmol/L Hepes
(pH 7.9), 0.25 mmol/L EDTA, 60 mmol/L KCl,
0.125 mmol/L EGTA and 20% (vol/vol) glycerol and
stored at �80°C. The purity of nuclear extracts was evalu-
ated by a-tubulin and lamin B expression. NF-jB (p65
subunit) expression was determined in nuclear extracts and
lamin B used as loading control.

4.5 | Intrapancreatic TNF-a and PGE2 levels

Pancreatic tissue was homogenized in lysis buffer
(200 mmol/L Tris-Cl, 5 mmol/L EDTA, 25 mmol/L NaF,
1% Triton X-100), centrifuged at 13 000 g for 10 minutes
at 4°C and TNF-a assayed in supernatants by enzyme-
linked immunosorbent assay (ELISA) (BD Biosciences).
Results were expressed as pg TNF-a per lg protein. PGE2

was assessed by radioimmunoassay as previously
reported.45 Pancreatic tissue was homogenized in 1 mL
ice-cold ethanol and centrifuged at 10 000 g for 15 min-
utes at 4°C. Supernatants were dried in a speed-vac at
room temperature and residues resuspended in radioim-
munoassay buffer. PGE2 intrapancreatic content was
expressed as pg per lg dried tissue.

4.6 | MPO and iNOS activity

Neutrophil infiltration was estimated by measuring tissue
MPO activity as previously detailed.46 The absorbance was
read at 405 nm and corrected for the DNA content in each
tissue sample. Results were expressed as fold increase over
the control group. Inducible NOS enzyme activity was

assessed by measuring the conversion of [14C]-L-arginine to
[14C]-L-citrulline as described by Bredt and Snyder with
minor changes.47 Radioactivity was measured by usual liquid
scintillation counting methods and enzyme activity expressed
as fmol [14C]-citrulline per mg of protein in 15 minutes.

4.7 | Caspase-3 activity

Caspase activity was assessed by a fluorometric assay kit
(Clontech, Mountain View, CA, USA) containing a fluoro-
genic substrate specific for caspase-3 (Acetyl-Asp-Glu-Val-
Asp-7-amido-4-methylcoumarin). The activity was deter-
mined by fluorometric detection (excitation, 380 nm; emis-
sion, 460 nm), and the negative control (blank, without
sample) was subtracted from all samples. Results were
expressed as fold increase over control.

4.8 | Quantification of apoptosis

Apoptosis was assessed by the terminal deoxynucleotidyl
transferase-mediated dUTP-biotin DNA-nick end labelling
(TUNEL) assay (Promega). Pancreatic tissue was fixed in
10% buffered formaldehyde and embedded in paraffin and
4-lm-thick sections were obtained. Sections were deparaf-
finized by washing in xylene and hydrated by transferring
through graded ethanol and stained for breaks in DNA. At
least three sections per animal were counted and three ani-
mals per group. Results were expressed as apoptotic cells
per 1000 acinar cells.

4.9 | Transmission electron microscopy
studies

For ultrastructural analysis, pancreatic tissue was fixed by
immersion in 4% wt/v paraformaldehyde plus 2.5% v/v glu-
taraldehyde in 0.1 mol/L phosphate-buffered saline (PBS) pH
7.4 for 24 hours at 4°C. After washing in PBS with 0.32 mol/
L sucrose, sections were post-fixed with 1.5% wt/v osmium
tetroxide in 0.1 mmol/L PBS pH 7.4 for 2 hours at 4°C. After
washing in PBS, sections were contrasted with 2% w/v uranyl
acetate, dehydrated and embedded in Spurr medium kit (Ted
Pella, Redding, CA, USA). Ultrathin sections were obtained
with an ultramicrotome Porter Bloom MT 1 and collected in
300 mesh copper grids, contrasted with uranyl acetate and
stained with Reynolds solution, and then photographed in a
Gatam 1000 V coupled to a Zeiss EM109T Electron Micro-
scope at different magnification (3000 9 to 30 0009).

4.10 | Statistical analysis

Results are expressed as the mean � standard error of the
mean (SEM). Statistical analysis was performed by analysis
of variance (ANOVA) followed by the Student-Newman-
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Keuls test. A P-value of .05 or less was considered statisti-
cally significant.
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