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Abstract

AIM: To investigate chronic stress as a susceptibility
factor for developing pancreatitis, as well as tumor ne-
crosis factor-a. (TNF-a) as a putative sensitizer.

METHODS: Rat pancreatic acini were used to analyze
the influence of TNF-a on submaximal (50 pmol/L)
cholecystokinin (CCK) stimulation. Chronic restraint (4 h
every day for 21 d) was used to evaluate the effects of
submaximal (0.2 ug/kg per hour) cerulein stimulation
on chronically stressed rats.

RESULTS: /n vitro exposure of pancreatic acini to
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TNF-o disorganized the actin cytoskeleton. This was
further increased by TNF-a,/CCK treatment, which addi-
tionally reduced amylase secretion, and increased tryp-
sin and nuclear factor-kB activities in a protein-kinase-C
8 and e-dependent manner. TNF-a/CCK also enhanced
caspases’ activity and lactate dehydrogenase release,
induced ATP loss, and augmented the ADP/ATP ratio.
In vivo, rats under chronic restraint exhibited elevated
serum and pancreatic TNF-o. levels. Serum, pancreatic,
and lung inflammatory parameters, as well as caspases’
activity in pancreatic and lung tissue, were substantially
enhanced in stressed/cerulein-treated rats, which also
experienced tissues’ ATP loss and greater ADP/ATP
ratios. Histological examination revealed that stressed/
cerulein-treated animals developed abundant pancreatic
and lung edema, hemorrhage and leukocyte infiltrate,
and pancreatic necrosis. Pancreatitis severity was great-
ly decreased by treating animals with an anti-TNF-a-
antibody, which diminished all inflammatory parameters,
histopathological scores, and apoptotic/necrotic markers
in stressed/cerulein-treated rats.

CONCLUSION: In rats, chronic stress increases sus-
ceptibility for developing pancreatitis, which involves
TNF-a, sensitization of pancreatic acinar cells to undergo
injury by physiological cerulein stimulation.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Stress can be defined as “threatened homeostasis”. Stress-
ors can include physical or mental forces, or combinations
of both. The reaction of an individual to a given stressotr
involves the stimulation of pathways within the brain
leading to activation of the hypothalamic-pituitary-adrenal
axis and the central sympathetic outflow!. These can
result in visceral hypersensitivity through the release of
different substances, such as substance P and calcitonin
gene-related peptide from afferent nerve fibers”.

While it is well established that a previous acute-short-
term stress decreases the degree of severity of pancreatitis
in several experimental models™, the effects of chronic
stress on the exocrine pancreas have received relatively lit-
tle attention™”. Chronic stress has been proved to increase
the susceptibility of different rat organs, such as the small
intestine, colon, and brain, to inflammatory diseases™"”
as well as to aggravate atherosclerotic lesions in mice!”.

The pro-inflammatory cytokine, tumor necrosis factor-o
(TNF-q), has an important role in various biological
functions, including cell proliferation, cell differentiation,
survival, apoptosis and necrosis'", and in stress-related in-
flammatory disorders”®*'”. Secretion of TNF-o by several
stressful stimuli has been demonstrated in many cell types,
including pancreatic acinar cells"” ™. Previous reports eval-
uated the response of pancreatic acinar cells to exogenous
TNF-q, showing disruption of the actin cytoskeleton
and activation of nuclear factor-kB (NF-kB), a key tran-
scriptional regulator of the expression of inflammatory
molecules® *. Tnterestingly, this TNF-q activation of NF-
kB is mediated by the novel protein kinase C § (PKCS)
and PKCe", which have also been shown to modulate
cerulein-induced zymogen activation in these cells™.
Although TNF-o has been shown to participate in the
inflammatory cascade that propagates pancreatitis””, its rel-
evance in the genesis of this multifactor disease was hardly
investigated.

We examined the possibility that chronic stress is a
susceptibility factor for developing pancreatitis and that
TNF-q is a putative sensitizer. We petformed studies on
both 7 vitro dispersed rat pancreatic acini stimulated with
TNF-o and submaximal doses of cholecystokinin (CCK),
and in 7z vivo rats under chronic stress induced by restraint
and challenged with submaximal doses of the CCK-
analogue cerulein.

MATERIALS AND METHODS

Antibodies and reagents

Antibodies used include those against rat TNF-¢, (R&D
Systems, Minneapolis, MN), Na'/K" ATPase (Upstate
Biotechnology-Chemicon Int., Temecula, CA), PKC§ and
PKCg (Santa Cruz Biotechnology, Santa Cruz, CA), and

(49

Boishidongs  WIG | www.wjgnet.com

tubulin (Sigma Chemical Co., St. Louis, MO). Alexa Fluor
488-phalloidin was from Molecular Probes (Burlington,
ON, Canada). Recombinant TNF-¢o was from R&D Sys-
tems. Sulfated CCK octapeptide, cerulein, Hoechst dye
33258, N-acetyl-cysteine (NAC), hexadecyltrimethylam-
monium bromide, and o-dianisidine hydrochloride were
from Sigma Chemical Co. Calphostin C, and G66976
were from Calbiochem (San Diego, CA). PKC({ myristo-
lated pseudosubstrate inhibitor was from Biosource Inter-
national (Camarillo, CA). The PKC8-specific antagonist
peptide V1-1was synthesized by American Peptide Com-
pany, Inc. (Sunnyvale, CA) and conjugated to a TAT pep-
tide (PKC$ translocation inhibitor §V1-1). PKCg translo-
cation inhibitor gV1-2 was from Anaspec (San Jose, CA).
The protease inhibitor cocktail was from BD Pharmin-
gen (San Jose, CA). BoC-Glu-Ala-Arg-MCA was from
Peptides International (Louisville, KY). Amylase, lactate
dehydrogenase (LDH), glucose, urea, creatinine, calcium,
total proteins, alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), and quantitative C-reactive
protein assay kits were from Wiener Lab (Rosario, Santa
Fe, Argentina). The lipase assay kit was from Randox
Laboratories Ltd. (Antrim, UK). NF-kB (p65), NF-xB
(p50) transcription factor, lipid hydroperoxide (LPO), and
malondialdehyde (MDA) Assay Kits wete from Cayman
Chemical Company (Ann Arbor, MI). TNF-o and macro-
phage inflammatory protein-lao (MIP-1q) Kits were from
R&D Systems. The hypoxia inducible factor-1or (HIF-1o1)
Kit was from Genxbio Health Science (Delhi, India). The
protein assay kit was from Bio-Rad (Hercules, CA). The
heat shock protein (HSP) 72 Kit was from StressGen Bio-
technologies, San Diego, CA). PKC8 and PKCg Kinase
Assay Kits were from Cell Signaling Technology (Bevetly,
MA). Interleukin (IL)-6 and IL-10 Kits were from Assay
Designs (Ann Arbor, MI). The CasPASE Apoptosis Ac-
tivity Assay Kit was from Genotech (Maryland Heights,
MO). The Enliten ATP Assay Kit was from Promega
(Madison, WI). The ApoSensor ADP/ATP Ratio Assay
Kit was from Enzo Life Science International Inc. (Plym-

outh Meeting, PA).

Animal model

Male Wistar rats (200-250 g) were housed in standard cages
in a climate-controlled room with a temperature of 23 *
2°C and a 12 h light/dark cycle (lights on at 08.00 h), with
free access to food and water except during restraint times.
All animals were maintained under constant conditions
for 4 d prior to stress, and they were randomly assigned to
non-stress (control) or stress groups. Every day at 09.00 h,
animals from both non-stress and stress groups received
either 50 Mg/kg TNF-a-neutralizing antibodies or an
equal dose of control IgG, given as intraperitoneal (ip)
injections. Rats in the stress group were exposed to vari-
ous sessions of restraint (4 h every day for 21 d) between
10.00 and 14.00 h in the animal homeroom. The immo-
bilization was performed using a metallic restraint jacket
and was placed inside their home cage during the re-
straint sessions. Control rats were handled once at 10.00 h
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for few seconds and left undisturbed in their home cages.
Food and water were removed from their cages to avoid
their interference in the parameters determined. Follow-
ing the 21 d stress protocol, rats from each condition,
non-stress (-) and stress (+), were then randomly dis-
tributed into three groups of four rats each. One group
was treated with six doses of saline-vehicle (Veh groups),
and the other two groups were treated with six doses of
0.2 pg/kg cerulein (Cer groups and anti-TNF-q plus Cer
groups), given as hourly ip injections. Rats were sacrificed
1 h after the last injection by decapitation, and blood was
drained onto heparinized dishes for white blood cell count
and determination of hematocrit. Amylase (end-point
colorimetric method), lipase (UV turbidimetric method),
TNF-q, [enzyme-linked immunosorbent assay (ELISA)],
LDH (German Society of Clinical Chemistry-DGKC
optimized kinetic method), glucose (enzymatic method),
urea (enzymatic method), creatinine (end-point colori-
metric method), calcium (direct colorimetric method),
total proteins (enzymatic method), AST and ALT (IFCC
optimized UV method), C-reactive protein (immunotur-
bidimetric method), HSP-72 (ELISA assay), 1L-6 (ELISA
assay), 1L-10 (ELISA assay), and MIP-1q, (ELISA assay)
levels were assessed in serum using the respective assay
kits. Pancreatic and lung tissues were obtained for deter-
mination of levels of NF-kB (p65) and NF-kB (p50) in
nuclear extracts, and TNF-q using the respective ELISA
assay kit, and myeloperoxidase (MPO) activity. Pancreatic
tissue was also evaluated for levels of HIF-1aw (ELISA
assay), LPO and MDA (colorimetric method) using the
respective assay kit, and trypsin activity. Caspases 2, 3, 8,
and 9 activity (colorimetric/fluorometric method), and
ADP and ATP levels (bioluminescent method) were de-
termined in pancreatic, lung, and stomach tissue using the
respective assay kits. All kits were used according to the
manufacturer’s instructions. All experimental protocols
were approved by the Animal Care and Use Committee
of the CBRHC Research Center.

Dispersed acini preparation

The preparation of isolated pancreatic acini from rats
was performed by a mechanical and enzymatic dissocia-
tion techniquem. The acini were resuspended in oxygen-
ated Krebs-Ringer-HEPES (KRH) buffer, consisting of
(in mmol/L): 104 NaCl, 5 KCl, 1 KH2PO4, 1.2 MgClz,
2 CaClz, 0.2% (wt/vol) bovine serum albumin, 0.01%
(wt/vol) soybean trypsin inhibitor, 10 glucose, and 25
2-hydroxyethylpiperazine-2-ethanesulfonic acid (HEPES)/
NaOH, pH 7.4, supplemented with minimal essential and
non-essential amino acid solution and glutamine.

Cellular models

Hypoxia and reoxygenation treatment: Isolated pan-
creatic acini were seeded in six-well plates. The hypoxia
and reoxygenation (H/R) media were produced by equili-
brating Krebs-Henseleit buffer, consisting of (in mmol/L):
118.3 NaCl, 4.7 KCl, 1.2 MgSOs, 1.2 KH2PO4, 2.5 CaCl,
25.0 NaHCOs, and 11.0 glucose, pH 7.4, in 95% N2/5%
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CO2 ot 95% air/5% COx, respectively. The studies were
carried out using two water-jacketed incubators at 37°C
as follows. For H/R treatment, acini were exposed to an
anoxic gas mixture (95% N2/5% CO2) in a humidified
incubator for 30 min. After the hypoxia period, hypoxic
media was rapidly replaced with reoxygenation media
and the acini were transferred to 95% air/5% COz2 in a
humidified incubator for 3 h. For normoxia (N) control
treatment, acini were exposed to 95% air/5% CO: in a
humidified incubator for the same period of time as the
H/R samples. To determine the effect of reactive oxygen
species (ROS) inhibition, NAC (30 mmol/L) was added to
the cells 1 h before hypoxia, and it was maintained in the
media throughout the experiment. TNF-q released into
the supernatant was determined using an ELISA assay kit
according to the manufacturer’s instructions. Values were
normalized by DNA content in each sample, which was
measured using Hoechst dye 33258.

Hydrogen peroxide stimulation: Isolated pancreatic acini
were seeded in six-well plates and incubated with hydro-
gen peroxide (H202, 50 umol/L) for 3 h at 37°C in a 5%
CO: humidified atmosphere. To determine the effect of
ROS inhibition, NAC (30 mmol/L) was added to the
cells 1 h before H202, and it was maintained in the media
throughout the experiment. TNF-q, released into the su-
pernatant was determined by the corresponding ELISA
assay kit and values were normalized by DNA content in
each sample.

TNF-q, and CCK stimulation: Isolated pancreatic acini
were stimulated with CCK (50 pmol/L) for 1 h at 37°C.
Pretreatment with the indicated concentrations of TNF-q
in KRH was performed for 1 h prior to and along stimu-
lation. Levels of amylase and LDH release, NF-xB (p65)
and NF-kB (p50) in nuclear extracts, caspases 2, 3, 8, and
9 activity, and ADP and ATP, were measured in pancre-
atic acini using the respective assay kits, according to the
manufacturer’s instructions. Acini were also assessed for
trypsin activity.

Amylase secretion: Amylase released into the superna-
tant and amylase content of the acini pellet were deter-
mined by a colorimetric method as previously reportedm.
“Total amylase” is defined as the summation of the amy-
lase content in the respective cell pellet plus supernatant,
and the amylase secreted into the supernatant is expressed
as a percentage of total amylase.

Confocal immunofluorescence microscopy: Dispersed
acini wete placed on glass coverslips and after indicated treat-
ments fixed with 4% paraformaldehyde. Fixed coverslips
were permeabilized with 0.1% Triton X-100 for 15 min,
followed by incubation with 1% bovine serum albumin
for 1 h. Acini were then incubated with Alexa Fluor
488-phalloidin (1:500) for 1 h at 25°C. Coverslips were
examined with a 63 X oil immersion objective and con-
ventional laser excitation and filter set, by a laser scanning
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confocal imaging system (Zeiss LSM510) equipped with
the LSM software version 5.00 (Carl Zeiss, Oberkochen,
Germany).

Subcellular fractionation and immunoblotting
Subcellular fractionation: Isolated pancreatic acini, after
equilibration (20 min, 37°C), were subjected to the indi-
cated stimulation, and then terminated by adding an ex-
cess volume of ice-cold KRH buffer. The acini were then
pelleted by centrifugation (300 g, 4°C). Whole cell lysates
and purified membranes were prepared from the treated
dispersed acini by sucrose density gradient centrifugation.
Briefly, the sucrose buffer consisted of: 0.3 mol/L suctose,
0.01% soybean trypsin inhibitor, 0.5 mol/L phenylmeth-
anesulfonyl fluoride, and 5 mmol/L B-mercaptoethanol.
The acini were homogenized in a Potter-Elvehjem ho-
mogenizer, followed by a five min centrifugation (14000 g,
4C) to separate the nuclei pellets from supernatants. The
supernatant fractions were centrifuged (15 min, 14000 g,
4C) to separate the zymogen granule pellets, and the re-
sulting supernatants subjected to ultracentrifugation (3 h,
93000 g, 4C) to obtain the membrane pellet and cytosol
supernatant fractions.

Immunoblotting: The protein contents of all samples
were determined by Bradford method. Samples of sub-
cellular fractions were dissolved in Laemmli buffer and
boiled for five min. Equal amounts of protein were sepa-
rated by 8% SDS-PAGE and transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA). Blots were blocked
for 1 h in Tris-buffered saline containing 5% bovine se-
rum albumin and then incubated with the corresponding
primary antibody. The bound antibody was visualized by
relevant peroxidase-coupled secondary antibodies using
the enhanced chemiluminescence method (Amersham,
Arlington Heights, IL). Quantification was performed by
densitometry using the NIH-Image software.

Isoform-specific PKC activity

PKCS and ¢ activities were determined on lysates from
isolated acinar cells using the respective ELISA assay kit,
according to the manufacturer’s instructions. Activity val-
ues were normalized to the basal activity in non-stimulated
control cells.

Trypsin activity

Pancreatic tissue and pancreatic acini samples were pel-
leted, and the cell pellet was resuspended in ice-cold
morpholino propylsulfonate (MOPS) buffer, pH 7.0 (con-
taining in mmol/L: 250 sucrose, 5 MOPS, and 1 MgSO4),
and then homogenized by hand using a Teflon and glass
homogenizer. The resulting homogenate was centrifuged,
and the supernatant was used for the assay. Trypsin activ-
ity was measured fluorometrically in a stirred cuvette at
37°C in a Hitachi F-2000 spectrofluorometer with excita-
tion at 380 nm and emission at 440 nm, using BoC-Glu-
Ala-Arg-MCA as the substrate. Briefly, the slope of rising

fluorescence emission was calculated as arbitrary units and
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normalized per DNA content in the homogenate of each
sample.

Caspases’ activity

Caspase 2, 3, 8, and 9 were measured using a colorimet-
ric/ fluorometric method as previously reported™. Briefly,
pancreatic, lung or stomach tissue, or pancreatic acinar
cell samples were homogenized in chilled lysis buffer and
the lysates were centrifuged at 15000 g for 30 min at 4°C.
Caspases’ activity was assessed on the supernatants.

ATP and ADP levels

ATP and ADP were measured using a bioluminescent
method, as previously reportedlzsj. Briefly, pancreatic, lung,
or stomach tissue, or pancreatic acinar cell samples were
homogenized in 6% TCA (trichloroacetic acid) for one
min and centrifuged at 6000 g for 5 min at 4°C. The TCA
in the supernatant was neutralized and diluted to a final
concentration of 0.1% with Tris-Acetate buffer, pH 7.75.
ATP and ADP were measured in the supernatant. ATP
loss was calculated as a percentage of the decrease in val-
ues corresponding to control.

MPO activity

Pancreatic and lung tissue were analyzed for MPO activity.
Briefly, approximately 50 mg of pancreatic or lung tissue
was homogenized on ice with 1 mL of 0.5% hexadecyl-
trimethylammonium bromide in 50 mmol/L phosphate
butfer-pH 6.0. The homogenate was sonicated for 10 s at
200 W] and then centrifuged at 40000 g for 15 min at 4°C.
MPO activity in the supernatant was assayed as follows:
0.1 mL of supernatant was combined with 2.9 mL of
5 mmol/L phosphate buffer pH 6.0, 0.167 mg/ml. o-di-
anisidine hydrochloride, and 0.0005% hydrogen peroxide.
The change in absorbance at 460 nm was measured spec-
trophotometrically. One unit of MPO activity is defined as
the amount that degrades 1 pumol of peroxide per minute
at 25°C. MPO activity was normalized by DNA content in
the homogenate of each sample.

Extraction of DNA

The total mass of DNA in the homogenate of each
sample was used to standardize the units of enzymatic ac-
tivity. Approximately 50 mg of tissue was homogenized in
400 uL of lysis buffer consisting of 0.5% SDS, 0.1 mol/L
NaCl, 50 mmol/L Tris pH 8, 2.5 mmol/L. EDTA, and
100 pg/mL proteinase K, for 1 h at 63°C and 650 r/min.
Seventy-five microliters of 8 mol/L potassium acetate
followed by 500 pL of chloroform were then added. Sam-
ples were frozen at -20°C for 15 min and centrifuged at
10000 r/min for 5 min at 4°C. The DNA was extracted
in 1 mL of absolute ethanol and washed in 1 mL of 70%
ethanol. The clean DNA pellet was resuspended in distilled
water buffer and DNA was measured at 260 nm.

Histological evaluation

Pancreatic, lung, and stomach tissues wete graded on a
scale of 0 to 4 each for edema, hemorrhage, leukocyte in-
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KRH TNF-a

CCK TNF-a + CCK

Figure 1 Tumor necrosis factor-o. disorganizes the actin cytoskeleton and reduces submaximal cholecystokinin-stimulated amylase secretion. A: Amylase
secretion from pancreatic acini. Isolated pancreatic acini were stimulated with either the indicated concentrations of tumor necrosis factor-o (TNF-a.) for 2 h, or 50
pmol/L cholecystokinin (CCK) for 1 h, or the indicated concentrations of TNF-a. for 1 h followed by the indicated concentrations of TNF-a. plus 50 pmol/L CCK for
1 h, or Krebs-Ringer-HEPES (KRH) (vehicle-control) for 2 h. Amylase secreted into the media was determined and expressed as a percentage of the total cellular
amylase of the respective sample. Results correspond to the mean + SE from four independent experiments, with samples performed in triplicate. °P < 0.05 vs KRH;
°P < 0.05 vs CCK alone; B-F: Filamentous actin distribution; B-E: Confocal images of filamentous actin localization in pancreatic acinar cells. Isolated pancreatic acini
were treated with either KRH for 2 h (B), or 10 ng/mL TNF-q. for 2 h (C), or 50 pmol/L CCK for 1 h (D), or 10 ng/mL TNF-q. for 1 h followed by 10 ng/mL TNF-o plus
50 pmol/L CCK for 1 h (E). Fixed and permeabilized acini were stained with Alexa Fluor 488-phalloidin. Arrows show apical lumens, and arrowheads show basolateral
membranes. These are representative images selected from three independent experiments, with samples performed in triplicate; F: Quantification of filamentous
actin distribution. Areas of the apical and basolateral membranes in acinar cells treated as in B-E were delineated and the fluorescence intensity was determined.
Sixty cells from three independent experiments were analyzed per condition. Values correspond to the intensity in the basolateral area vs the apical area, and are

expressed as the mean + SE. °P < 0.05 vs KRH; °P < 0.05 vs TNF-o. alone.

filtrate, and necrosis. Histological changes were scored in
a blinded manner by two independent observers counting
frequency of foci per field seen at 40 X (absent, 0; mild, 1;
moderate, 2; severe, 3; overwhelming, 4).

Statistical analysis

All data are presented as mean + SE. The data for each
group were subject to analysis of variance followed by
Dunnet post hoc test when comparing three or more
groups, or evaluated using Student’s ~test when compar-
ing only two groups. Significant differences were consid-
ered with values of P < 0.05.

RESULTS

TNF-o. reduces submaximal CCK-stimulated amylase
secretion

We first examined the effects of TNF-o on amylase secte-
tion from dispersed rat pancreatic acini. Different samples
were incubated with different concentrations of TNF-q.
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Figure 1A shows that none of them stimulated amylase
release (3.6% £ 0.5%, 3.5% % 0.4% and 3.4% % 0.5%
for 1, 10 and 100 ng/ml, respectively) over basal vehicle-
control levels (3.6% * 0.4%). However, two TNF-o con-
centrations inhibited 50 pmol/L CCK-stimulated secretion
(13.8% * 1.2% and 13.1% £ 0.9% for 10 and 100 ng/mL),
which, when compared to CCK alone (18.5% £ 1.2%),
represent a reduction of 25.4% and 29.2%, respectively.

TNF-a-induced actin cytoskeleton disorganization is
increased during CCK stimulation

TNF-q has been shown to cause actin disorganiza-
tion in isolated pancreatic acini, which is distinguished
by increased filamentous actin along the basolateral
membranes and its decrease in the apical area”!. Here,
we showed that both KRH vehicle-control and CCK-
stimulated pancreatic acini exhibited the typical actin
staining, intense in the apical area, and little and weak in
the basolateral area of the acinar cell (Figure 1B and D).
However, both 10 ng/mL TNF-q- and 10 ng/mL TNF-q,
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plus 50 pmol/L CCK-stimulated acini exhibited the pre-
viously described actin disorganization pattern, which was
more pronounced in acini challenged with TNF-q, plus
CCK (Figure 1C and E). This disorganization was also
observed when using 100 ng/mL, but not with 1 ng/mL
TNF-a alone or together with CCK (data not shown).
Figure 1F shows the quantification of actin distribution
(0.13 £ 0.01, 0.11 £ 0.01, 0.33 = 0.02 and 0.47 £ 0.03
basolateral/apical actin ratio for KRH, CCK, TNF-¢, and
TNF-o + CCK, respectively).

TNF-ai-induced activation of NF-«B is amplified by
submaximal CCK

We then evaluated the activation of NF-xB (p65) and NF-
kB (p50) in pancreatic acini. Previous reports established
that pancreatic acinar cells respond to TINF-q, by activat-
ing NF-B in a PKC§- and PKCe-dependent manner >,
Although submaximal CCK stimulation of pancreatic acini
induces the translocation and activation of PKC§™", this
is not sufficient to activate NF-xB*". Here, we used the
minimal TNF-q, concentration (10 ng/mL) that we detet-
mined inhibited CCK-stimulated amylase sectetion and in-
duced actin disorganization (Figure 1A-F). Figure 2A and B
show that CCK alone did not change the activity of NF-xB
subunits over basal vehicle-control levels (1.03 + 0.06 and
1.02 + 0.05 fold of control for p65 and p50, respectively).
However, TNF-a-induced an increase in the activity of
both NF-kB subunits (1.52 * 0.13 and 1.44 %+ 0.11 fold of
control for p65 and p50, respectively) that was amplified
by CCK stimulation (3.28 £ 0.24 and 2.89 *+ 0.20 fold of
control for p65 and p50, respectively). Furthermore, we
found that both TNF-o and TNF-q plus CCK-induced in-
creases in the activities of NF-kB subunits were inhibited,
not only by the non-specific PKC inhibitor calphostin C
(iPKCY) (p65, 1.04 £ 0.09 and 1.12 £ 0.11 fold of control
for TNF-q and TNF-o + CCK, respectively; p50, 0.98
+ 0.04 and 1.14 £ 0.11 fold of control for TNF-q, and
TNF-q + CCK, respectively), but by the specific PKC3
translocation inhibitor §V1-1 (PKC8) (p65, 0.93 = 0.07
and 1.05 * 0.09 fold of control for TNF-o and TNF-o +
CCK, respectively; p50, 1.12 £ 0.06 and 1.04 = 0.11 fold
of control for TNF-o and TNF-o + CCK, respectively),
and by the specific PKCeg translocation inhibitor ¢V1-2
(iPKCg) (p65, 1.0 £ 0.06 and 1.12 £ 0.10 fold of control
for TNF-¢, and TNF-o + CCK, respectively; p50, 1.00
+ 0.06 and 1.12 £ 0.10 fold of control for TNF-q and
TNF-a + CCK, respectively). Neither the specific PKCal
inhibitor G66976 (IPKCq) nor the PKC{ myristoylated
pseudosubstrate inhibitor (PKC({) modified the changes in
the activities of the NF-kB subunits induced by TNF-a or
TNF-a plus CCK.

TNF-o. potentiates submaximal CCK-induced trypsin
activity

We proceeded to analyze trypsin activity in pancreatic acini.
Figure 2C shows that submaximal CCK alone only modet-
ately increased trypsin activity (1.39 £ 0.12 fold of control),
as was previously reported for submaximal cerulein**,

(4 9
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While basal trypsin activity was not modified by TNF-a
alone (1.09 % 0.04 fold of control), its presence potentiated
CCK-induced trypsin activity (2.63 £ 0.24 fold of control).
Given that PKC8 and PKCg also modulate trypsin activ-
ity in pancreatic acinar cells®, we further assessed trypsin
activity in the presence of PKC inhibitors. We found that
both CCK and TNF-a plus CCK-induced increases in
trypsin activity were inhibited, not only by iPKC}, (1.10 *
0.09 and 1.61 % 0.14 fold of control for CCK and TNF-o
+ CCK, respectively), but also by iPKC§ (1.12 + 0.08 and
1.75 £ 0.15 fold of control for CCK and TNF-¢, + CCK,
respectively). By contrast, iPKCg only inhibited TNF-o
plus CCK-induced trypsin activity enhancement (1.38 *
0.14 and 1.71 + 0.12 fold of control for CCK and TNF-o
+ CCK, respectively). Furthermore, neither iPKCo nor
1PKC{ modified the increase in trypsin activity induced by
CCK or TNF-q plus CCK.

PKCS5 and PKC¢ are translocated and activated by
TNF-o. plus submaximal CCK

To validate the results obtained with the specific PKC in-
hibitors, we examined the expression of PKCg and PKCg
in subcellular fractions from isolated pancreatic acini, as
well as the respective kinase activity. Previous studies have
shown that while PKCSJ is translocated from cytosol to
membranes and activated by both TNF-o and submaxi-
mal CCK, PKCg is only translocated and activated by
TNF-0**. Here, we found similar results (1.35 * 0.15
and 1.59 £ 0.14 fold of control for TNF-o and CCK,
respectively, for PKC§ activity; 1.29 * 0.09 and 1.02 *
0.06 fold of control for TNF-q, and CCK, respectively,
for PKCg activity, Figure 2D-F). Furthermore, we showed
that TNF-o plus submaximal CCK also translocated and
activated both PKC§ and PKCg, significantly increasing
the translocation and activation of PKC§ compared to
either TNF-a or CCK alone (1.88 + 0.12 and 1.41 £ 0.12
fold of control for TNF-o + CCK for PKC§ and PKCg,
respectively, Figure 2D-F).

TNF-o. does not perturb intracellular calcium oscillations
induced by submaximal CCK

Both trypsinogen and NF-kB activation in pancreatic
acini require not only PKC activity, but also calcium
(Ca™"***1 o test the possibility that TNF-g could in-
fluence CCK activation of trypsinogen and/or NF-xB by
directly affecting the Ca™" signal, we studied the effects of
TNF-a (10 ng/mlL) on changes to the cytosolic free cal-
cium concentration ([Ca”"J}) induced by CCK (50 pmol/T)
in pancreatic acini. At submaximal concentrations, CCK
induced oscillatory changes in [Ca”"]i with a typical pattern
consisting of base-line spikes[m. Our results indicate that
TNF-q did not affect the basal [Ca”"]i level in pancreatic
acini, nor had any significant effects on the CCK-induced
[Ca”"]i oscillations (data not shown).

TNF-o. pus submaximal CCK induces necrosis in

pancreatic acini
The process of necrosis produces damaged plasma mem-
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Krebs-Ringer-HEPES (KRH) (vehicle-control, 3 h), or in KRH (2.5 h) followed by Calphostin C (iPKCY, 500 nmol/L, 30 min) or G66976 (iPKCa, 200 nmol/L, 30 min), or
with the PKC3 translocation inhibitor 5V1-1 (iPKC3, 3 h, 10 umol/L) or the PKCe translocation inhibitor £V1-2 (iPKCe, 3 h, 10 umol/L) or the PKCL myristoylated pseu-
dosubstrate inhibitor (iPKCZ, 3 h, 10 umol/L). The acini were then stimulated with either 10 ng/mL tumor necrosis factor-o. (TNF-c) for 2 h, or 50 pmol/L cholecystokinin
(CCK) for 1 h, or 10 ng/mL TNF-q. for 1 h followed by 10 ng/mL TNF-a plus 50 pmol/L CCK for 1 h, or KRH for 2 h. Nuclear factor-kB (NF-kB) (p65) and NF-kB (p50)
in nuclear extracts (A and B) were measured by enzyme-linked immunosorbent assay (ELISA) using the respective assay kit. Trypsin activity (C) was measured as
described in Materials and Methods. A-C: Results are expressed as fold of control and correspond to the mean + SE from four independent experiments, with samples
performed in triplicate. °P < 0.05, °P < 0.01 vs KRH without inhibitors; °P < 0.05 vs TNF-o plus CCK without inhibitors; D-F: Dispersed acini were pre-incubated in KRH
for 1 h and then stimulated with either 10 ng/mL TNF-o. for 1.5 h, or 50 pmol/L CCK for 30 min, or 10 ng/mL TNF-c. for 1 h followed by 10 ng/mL TNF-a plus 50 pmol/L
CCK for 30 min, or KRH (vehicle-control) for 1.5 h; D: Subcellular fractionation showing PKC3 and ¢ translocation from the cytosol to the membrane upon TNF-c. and/or
CCK stimulation. After stimulation, acini were fractionated into membrane and cytosol fractions, and total cell lysates. 10 g of protein of each fraction was separated on
SDS-PAGE and immunoblotted with the antibodies to the indicated proteins. These blots are representative of three independent experiments; E, F: PKCS and ¢ activ-
ity assays. Each well was loaded with 10 pg of protein. PKCS and ¢ activities were measured by ELISA using the respective assay kit. Results are expressed as fold
of control and correspond to the mean + SE from four independent experiments, with samples performed in triplicate. P < 0.05 vs vehicle-control; °P < 0.05 vs either

TNF-o or CCK.

branes, releasing LDH into the extracellular medium. Thus,
to evaluate necrosis in the present study, we measured
LDH release from pancreatic acini. Figure 3A shows that
unstimulated acini exhibited a 6.1% £ 0.5% LDH release,
which remained relatively unchanged when acini were
stimulated with TNF-a or CCK alone (6.4% £ 0.7% and
6.8% t 0.8%, respectively). However, acini stimulated with
TNF-a plus CCK showed a significant increase of 83.6%
for LDH release (11.2% * 1.1%).

TNF-o. plus submaximal CCK potentiates TNF-a-induced
caspases’ activity

Subsequently, we assessed the activity of caspases in pan-
creatic acini. Figure 3B shows that TNF-g, does augment
caspases’ activity (1.22 + 0.05, 1.25 + 0.11, 1.24 £ 0.09
and 1.21 + 0.08 fold of control for caspases 2, 3, 8, and
9, respectively). Although CCK alone did not change
the activity of these pro-apoptotic proteins (1.02 £ 0.06,
1.03 £ 0.08, 1.04 = 0.11 and 1.02 £ 0.06 fold of control
for caspases 2, 3, 8, and 9, respectively), its combination
with TNF-a further increased the activation achieved by
TNF-o alone (1.93 + 0.14, 2.14 + 0.23, 1.87 + 0.16 and
1.82 * 0.19 fold of control for caspases 2, 3, 8, and 9, re-
spectively).

TNF-c. plus submaximal CCK depletes ATP and
increases the ADP/ATP ratio in pancreatic acini

ATP depletion associated with the percentage of ATP
loss and changes in the ADP/ATP ratio allows disctimi-
nation of apoptosis from necrosis. Thus, we analyzed
ATP and ADP levels in pancreatic acini. Figure 3C shows
that neither TNF-o nor CCK alone changed ATP levels
compared to basal vehicle-control (10.8 + 0.7, 11.6 £ 0.7,
and 12.5 £ 0.2 pmol/mg protein for TNF-q, CCK and
vehicle-control, respectively). However, TNF-o plus CCK
significantly decreased ATP levels (4.3 £ 0.6 pmol/mg
protein). As shown in Figure 3D, only TNF-a plus CCK
significantly increased ATP loss (65.6% £ 4.8% of con-
trol), while TNF-¢ or CCK alone did not (13.6% £ 6.4%
and 7.9% % 5.6% of control, respectively). Figure 3E
shows that only TNF-o plus CCK increased the ADP/
ATP ratio over basal control (0.85 + 0.12 »5 0.43 £ 0.01,
respectively), while TNF-a or CCK alone did not (0.49 *
0.04 and 0.46 £ 0.03, respectively).
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Pancreatic acinar cells secrete TNF-c. in response to
different stress stimuli

It is well established that pancreatic acinar cells produce
TNF-0*. Secretion of TNF-g, in response to a stressor
was previously demonstrated in rat pancreatic acinar cells
by their exposure to phorbol-12-myristate-13-acetate
(PMA)-primed neutrophils"*". Here, we evaluated the re-
sponse of pancreatic acini to hypoxia/reoxygenation (H/
R) and hydrogen peroxide (H20z2) treatments. Figure 4A
and B show that both stress stimuli increased TNF-q lev-
els (3.2 £ 0.3 and 7.0 £ 0.6 fold of control for H/R and
H20a, respectively). Incubation of acini with the specific
ROS inhibitor NAC reduced TNF-q levels (1.7 + 0.2 and
3.8 £ 0.4 fold of control for H/R and Hz20, represent-
ing a reduction of 46.9% and 45.7%, respectively), indi-
cating that ROS mediated these stress-induced TNF-o
secretions.

Chronic stress plus submaximal cerulein stimulation
induces mild to moderate pancreatitis

We then evaluated chronic stress plus submaximal cerulein
pancreatitis in a rat model, together with an anti-TNF-q,
treatment as a putative therapy. First, we examined rel-
evant serum and histological parameters of pancreatitis.
Table 1 shows that Stress (+) treatment alone did not affect
serum amylase and lipase levels, which were only slightly
increased in the Stress (-) plus Cer group. However, this
increase did not correlate with pancreatitis, which was
confirmed by the completely normal pancreatic histol-
ogy (Figure 5 and Table 2). In contrast, the Stress (+)
plus Cer group exhibited a massive increase in serum
amylase (8.4 X) and lipase levels (85.4 X) (Table 1) with
corresponding histological changes of mild (cytoplasmic
vacuoles) to moderate pancreatitis (hemorrhage, leuko-
cyte infiltration, and necrosis) (Figure 5 and Table 2).
Of particular relevance for our model, serum TNF-o
was not detected in any of the Stress (-) groups (Table 1).
Importantly, while TNF-q levels were detected in vehicle-
control Stress (+) group, they further increased (3.5 X) in
the Stress (+) plus Cer group, which also demonstrated
a marked augmentation (6.5 X) in serum levels of LDH
(Table 1). Of note, relevant serum parameters, as well as
the histopathological changes found in the Stress (+) plus
Cer group, were all diminished by the anti-TNF-q treat-
ment (Figure 5, Tables 1 and 2).
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Binker MG et a/. Chronic stress sensitizes rats to pancreatitis

A 15 B 3 Caspase-2 Caspase-3 Caspase-8 Caspase-9
a =
= o
i €
gl 8
5 1 5
X he)
< &
8 z
® 5r =
T ©
o ]
- wn
©
o
8
0 o
- + - +  TNF-a
- - + + CCK
C 151 D 100 -
3 S5 a
B 10 - 5
o o
g k]
% E\O/ 50 -
S st : 8
o o
2 [
& £
0 0
- + - + TNF-a - + - + TNF-o
- - + +  CCK - - + + CCK
E 1o, a
ke
&
o
E 0.5
o
a
<
0.0
- + - +  TNF-a
- - + + CCK

Figure 3 Tumor necrosis factor-o. plus cholecystokinin induce apoptosis and necrosis in pancreatic acini. A-E: Isolated pancreatic acini were stimulated with
either 10 ng/mL tumor necrosis factor-a (TNF-a) for 2 h, or 50 pmol/L cholecystokinin (CCK) for 1 h, or 10 ng/mL TNF-a for 1 h followed by 10 ng/mL TNF-a. plus
50 pmol/L CCK for 1 h, or vehicle-control for 2 h. A: Lactate dehydrogenase (LDH) was measured by the DGKC optimized kinetic method using the respective assay
kit. Results are expressed as a percentage of total cellular LDH determined by permeabilizing cells with Triton X-100, and correspond to the mean + SE from four
independent experiments, with samples performed in triplicate. °P < 0.05 vs vehicle-control; B: Caspases 2, 3, 8, and 9 activity was measured by a colorimetric/fluo-
rometric method using the respective assay kits. Results are expressed as fold of control and correspond to the mean + SE from four independent experiments, with
samples performed in triplicate. °P < 0.05, °P < 0.01 vs vehicle-control; C-E: ATP and ADP levels were measured by a bioluminescent method using the respective
assay kits. ATP loss was calculated as a percentage of the decrease in values corresponding to vehicle-control. Results correspond to the mean + SE from four inde-
pendent experiments, with samples performed in triplicate. P < 0.05 vs vehicle-control.

We then analyzed inflammatory parameters in pan- rameters (active trypsin, NF-kB (p65) and (p50), MPO,
creatic tissue. The results are shown in Table 3. As was LPO, and MDA) also exhibited increased values in the
observed in serum, pancreatic TNF-q, was only detected Stress (+) plus Cer group, which were reduced by the
in the Stress (+) groups, where the levels were further anti-TNF-q treatment.
increased (3.4 X) in the Cer subgroup, and were dimin- We also evaluated inflammatory and general bio-
ished by 63% by the anti-TNF-q treatment. Remarkably, chemical parameters in blood. As shown in Table 4, all
HIF-1a showed a similar trend, being only detected the studied inflammatory parameters (leukocyte number,
in the Stress (+) groups, where the levels were further C-reactive protein, HSP-72, I1L-6, IL-10, and MIP-1q)
increased (4 X) in the Cer subgroup, and diminished by were increased in the Stress (+) plus Cer group, whose
58% by the anti-TNF-q, treatment. Other assessed pa- values correlated with mild to moderate pancreatitis. Im-
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Figure 4 Pancreatic acinar cells secrete tumor necrosis factor-a in re-
sponse to different stressful stimuli. A: Isolated pancreatic acini were cultured
in normoxic (N) conditions for 3.5 h or under hypoxia followed by normoxia-
reoxygenation (H/R) for 30 min and 3 h, respectively, in the absence or presence
of N-acetyl-cysteine (NAC) (30 mmol/L); B: Isolated pancreatic acini were cultured
in Krebs-Ringer-HEPES (KRH) (vehicle-control) or stimulated with H202 (50
umollL) for 3 h in the absence or presence of NAC (30 mmol/L); A and B: TNF-a.
released into the supernatant was determined by enzyme-linked immunosorbent
assay using the respective assay kit. Results are expressed as fold of control and
correspond to the mean + SE from four independent experiments, with samples
performed in triplicate. *P < 0.05 vs normoxia (A) or to KRH (B); °P < 0.05 vs HR
(A) or H202 (B).

portantly, these elevated values were all attenuated by the
anti-TNF-q treatment. Furthermore, Table 5 shows that
the studied biochemical parameters (glucose, urea, creati-
nine, calcium, proteins, AST, ALT, and hematocrit) also
evidenced alterations compatible with mild to moderate
pancreatitis in the Stress (+) plus Cer group, which were
mitigated in the Stress (+) plus anti-TNF-q, plus Cer
group.

As performed for isolated pancreatic acini, we then
investigated pancreatic caspases and energy metabolism in
pancreatic tissue. Table 6 shows that caspases 2, 3, 8, and
9 were only augmented in the Stress (+) groups. These
values were further increased (6-8 X) in the Cer subgroup,
and diminished by between 21%-37% by the anti-TNF-o
treatment. Table 7 shows that the Stress (+) plus Cer
group experienced a severe decrease in ATP content (>
70%) and a significant increase in the ADP/ATP ratio (3
X). Both ATP loss and the ADP/ATP ratio were partially
restored by the anti-TNF-q treatment.

Chronic stress plus submaximal cerulein stimulation
induces pancreatitis-associated lung injury
A common, and often fatal, systemic complication of acute
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Group Amylase Lipase TNF-a LDH
(1u/L) (lu/L)  (pg/mL) (IU/L)
Stress (-)
Veh 402+ 23 12+2 BD 299 21
Cer 569 + 31 44+3 BD 358 + 23
Anti-TNF-a + Cer 572 +43 42+5 BD 327 +27
Stress (+)
Veh 475+ 21 21+3 12+2° 612 £ 41
Cer 3997 £226" 1793 +118" 42+4" 3410+218"
Anti-TNF-o + Cer 1895+ 103° 714 +45° 16+2° 1534 +121°

*P < 0.05 vs control-vehicle Stress (-) group; ‘P < 0.05 vs Stress (+) plus Cer

group. BD: Below detection limit; LDH: Lactate dehydrogenase; TNF-o:

Tumor necrosis factor-a.

Group Edema Hemorrhage Leukocyte Necrosis
infiltrate

Stress (-)
Veh 0.00 £ 0.00 0.00£0.00 0.00+0.00 0.000.00
Cer 0.00 £ 0.00 0.00£0.00 0.00+0.00 0.000.00
Anti-TNF-a.  0.00 £ 0.00 0.00£0.00 0.00+0.00 0.00<0.00
+ Cer

Stress (+)
Veh 0.49 £ 0.06 0.00£0.00 0.39+0.05 0.00+0.00
Cer 1.28+0.11° 311+£0.17° 219+0.10° 3.12+0.15"
Anti-TNF-o.  219+0.17° 1.21+0.17° 1.32+0.10° 1.37+0.19°
+ Cer

*P < 0.05 vs control-vehicle Stress (-) group; “P < 0.05 vs Stress (+) plus Cer
group. TNF-o:: Tumor necrosis factor-o.

pancreatitis is acute lung injury, which frequently evolves to
acute respiratory distress syndrome™. To evaluate this, we
examined histological and inflammatory parameters in lung
tissue. Figure 6 and Tables 8 and 9 show that histopatho-
logical parameters (edema, hemorrhage, and leukocyte in-
filtrate, Figure 6 and Table 8) as well as MPO, NF-kB (p65),
and (p50) (Table 9) were uniformly normal in all Stress (-)
groups. In contrast, the Stress (+) plus Cer group exhibited
histopathological and inflammatory changes compatible
with pancreatitis-associated lung injury (Figure 6, Tables 8
and 9). As was observed in pancreatic tissue, TNF-q levels
were only detected in the Stress (+) groups, with increased
values in the Cer subgroup (3 X), which were attenuated by
57% by the anti-TNF-q, treatment (Table 9).

Additionally, we measured caspases’ activity and energy
metabolism in lung tissue. The results are presented in
Tables 10 and 11, respectively. As it was found for pan-
creatic tissue (Tables 6 and 7), caspases 2, 3, 8, and 9 were
only augmented in the Stress (+) groups. These values
were further increased (8-9 X) in the Cer subgroup, and
diminished between 30%-38% by the anti-TNF-q treat-
ment (Table 10). Table 11 shows that the Stress (+) plus
Cer group expetienced a severe decrease in ATP content
(> 65%) and a significant increase in the ADP/ATP ratio
(4 X). Here, the ATP loss and the ADP/ATP ratio were
also partially restored by the anti-TNF-q, treatment.
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Table 3 Inflammatory parameters in pancreatic tissue (mean + SE)

Group TNF-a HIF-1a Active trypsin  NF-xB (p65) NF-xB (p50) MPO LPO MDA
(ng/mg DNA) (ng/mg DNA) (nmol/mg DNA) (ug/mg DNA) (ug/mg DNA) (U/mg DNA) (nmol/mg DNA) (umol/mg DNA)
Stress (-)
Veh BD BD 0.11 £0.02 43+5 0.48 £ 0.04 0.00 £ 0.00 BD 0.71 £ 0.03
Cer BD BD 0.23 £ 0.04 46+ 6 0.51 £ 0.05 0.00 £ 0.00 BD 0.89 £ 0.05
Anti-TNF-a + Cer BD BD 0.22 +£0.05 44+3 0.50 + 0.03 0.00 + 0.00 BD 0.84 +0.05
Stress (+)
Veh 1.6+0.2° 09+0.1° 0.37 £ 0.06 72+6 0.84 +0.07 1.41+0.07 27 £2 2.05+0.11
Cer 54+0.3" 3.6+0.3" 415+0.32° 389 + 25" 554+0.35" 1590 £ 0.66" 316 +20° 22.16 + 0.69"
Anti-TNF-a + Cer 20+0.2° 1.5+0.3° 1.79 +£0.21° 221 +18° 2.65 + 0.24° 7.14 +0.38° 171 £ 14° 12.38 +0.47°

*P < 0.05 vs control-vehicle Stress (-) group; ‘P < 0.05 vs Stress (+) plus Cer group. BD: Below detection limit; TNF-c:: Tumor necrosis factor-o; HIF-1a: Hypoxia
inducible factor-1o; NF-«xB: Nuclear factor-kB; MPO: Myeloperoxidase; LPO: Lipid hydroperoxide; MDA: Malondialdehyde.

Stress (+)

Anti-TNF-o + Cer

Figure 5 Chronic stress plus submaximal cerulein stimulation induces mild to moderate pancreatitis. Rats exposed to sessions of restraint (4 h every day for
21 d), Stress (+) groups, and rats in the control, Stress (-) groups, received daily intraperitoneal (ip) injections of either tumor necrosis factor-o. (TNF-a)-neutralizing

antibody (50 nglkg) or control IgG. Rats were then treated with six hourly ip injections of either saline or cerulein (Cer, 0.2 ug/kg). Representative histology images of
pancreatic tissue. HE, original magpnification, 40 .
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Table 4 Inflammatory parameters in blood (mean + SE)

Group Leukocytes (ng/mL) CRP (mg/dL) HSP-72 (pg/mL) IL-6 (pg/mL) IL-10 (pg/mL) MIP-1a (pg/mL)
Stress (-)

Veh 5900 + 240 0.0£0.0 558 + 27 BD BD 7221l

Cer 6111 + 248 0.0£0.0 866 + 32 BD BD 9+1

Anti-TNF-q + Cer 6005 + 244 0.0£0.0 817 £49 BD BD 8+1
Stress (+)

Veh 7139 + 250 1.5+02° 899 + 63 66+ 6" 75+ 5° 54 +4°

Cer 21222 +976° 249 +1.3° 2648 +159° 1115 + 54° 1404 + 148" 318 +23°

Anti-TNF-q + Cer 12733 + 586° 124 +0.8° 1805 + 112° 417 + 38° 596 + 68° 127 +11°

*P < 0.05 vs control-vehicle Stress (-) group; ‘P < 0.05 vs Stress (+) plus Cer group. CRP: C-reactive protein; HSP: Heat shock protein; IL: Interleukin; MIP-1a::

Macrophage inflammatory protein-1o; TNF-o.: Tumor necrosis factor-o; BD: Below detection limit.

Table 5 General biochemical assays in blood (mean + SE)

Group Glucose (mg/dL) Urea (mg/dL) Creatinine (mg/dL) Calcium (mg/dL) Proteins (g/dL) AST (IU/L) ALT (IU/L) Hematocrit (%)
Stress (-)

Veh 139+13 39+4 0.48 £ 0.03 13.02 £ 0.57 8.51+0.39 192 £ 21 8817 40+5

Cer 153 + 14 55+4 0.65 £ 0.09 11.08 + 0.48 7.46 £0.28 298 £ 32 155 +14 42+4

Anti-TNF-a, + Cer 148 +12 52+5 0.67 £ 0.08 10.91 £ 0.70 7.51+0.43 293 £ 20 149+9 4115
Stress (+)

Veh 118 +11° 38+5 0.50 + 0.05 11.72 £ 0.61 8.48 £ 0.22 201 £ 26 95+9 36 +5"

Cer 294 + 26" 105+ 9° 1.94 + 0.50" 9.03 £ 0.33" 6.02+0.19" 432 +35° 219 +19° 4113

Anti-TNF-q, + Cer 189 +16° 73 +8° 114 +£0.24° 9.63 £ 0.58 6.76 £ 0.35° 356 + 29° 187 £19° 39+4

*P < 0.05 vs control-vehicle Stress (-) group; ‘P < 0.05 vs Stress (+) plus Cer group. ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; TNF-o.:

Tumor necrosis factor-a.

Table 6 Pancreatic caspases (mean + SE)

Table 7 Energy metabolism in pancreatic tissue (mean + SE)

Group CASP-2  CASP-3 CASP-8 CASP-9
Stress (-)
Veh 34+6 25+2 45+5 407
Cer 56+12 639 87+11 82+8
Anti-TNF-a. + Cer  50+7 39+5 72+7 68+9
Stress (+)
Veh 124+15  118+10 189 +11 158 £ 16
Cer 995+88"  838+74" 1123+103" 1079 +70°
Anti-TNF-o. + Cer 696 +47° 544 +58°  887+65  679+48

Pancreatic caspases are expressed as pmol/min per milligram protein. ‘P
< 0.05 vs control-vehicle Stress (-) group; ‘P < 0.05 vs Stress (+) plus Cer
group. TNF-o: Tumor necrosis factor-a,; CASP: Caspase.

Chronic stress induces gastric lesions

In the general adaptation syndrome described by Selye, the
first lesions to appear as a result of stress wete found in the
stomach. To corroborate that the protocol we have used
in our model produces stress, we evaluated histopathologi-
cal changes together with apoptotic/necrotic parameters
in stomach tissue. Tables 12-14 show that our protocol of
restraint was effective in generating stress in rats.

DISCUSSION

Although oxidative stress and inflammation each occur
in the pancreas during the eatly stage of supramaximal
cerulein-induced acute pancreatitis, oxidative stress or an
inflammatory insult alone does not cause the characteris-
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Group ATP (umol/  ATP loss (%) ADP/ATP
mg protein) ratio
Stress (-)
Veh 91+04 00+44 0.32+0.04
Cer 6.8+0.5 25355 0.38 £ 0.05
Anti-TNF-o + Cer 6.9+0.6 242 +6.6 0.36 + 0.04
Stress (+)
Veh 7305 19.8+55 0.40 + 0.06
Cer 2.6+04° 714 +4.4° 0.94 £0.11°
Anti-TNF-a + Cer 53+0.3° 41.8+3.3° 0.63 + 0.07°

°P < 0.05 vs control-vehicle Stress (-) group; “P < 0.05 vs Stress (+) plus Cer
group. TNF-a: Tumor necrosis factor-a.

tic changes of acute pancreatitis™. However, our present
study demonstrates that chronic stress leaves the exocrine
pancreas susceptible to pancreatitis by submaximal ceru-
lein stimulation.

The main events occurring in the pancreatic acinar cell
that initiate and propagate acute pancreatitis include inhi-
bition of secretion, intracellular activation of proteases,
and generation of inflammatory mediators””. These cellu-
lar events can be correlated with the acinar morphological
changes (retention of enzyme content, formation of large
vacuoles containing both digestive enzymes and lysosomal
hydrolases, and necrosis), which are obsetved in the well-
established 7 vivo experimental model of supraphysiologi-
cal cerulein-induced pancreatitis®, as well as in human
acute pancreatitis””.
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Stress (-) Stress (+)

Veh

Cer

Anti-TNF-o. + Cer

Figure 6 Chronic stress plus submaximal cerulein stimulation induces pancreatitis-associated lung injury. Rats exposed to sessions of restraint (4 h every
day for 21 d), Stress (+) groups, and rats in the control, Stress (-) groups, received daily intraperitoneal (ip) injections of either tumor necrosis factor-o. (TNF-t)-

neutralizing antibody (50 pg/kg) or control IgG, rats were then treated with six hourly ip injections of either saline or cerulein (Cer, 0.2 ug/kg). Representative histology
images of lung tissue. HE, original magnification, 40 x.

Table 8 Histopathological score in lung tissue (mean + SE) Table 9 Inflammatory parameters in lung tissue (mean + SE)

Group Edema Hemorrhage Leukocyte infiltrate Group TNF-a MPO NF-<B NF-<B
Stress () (ng/mg  (U/mg  (pé5) (ng/ (p50) (ng/
Veh 0.00£000  0.00+0.00 0.00 % 0.00 DNA)  DNA) mgDNA) mgDNA)
Cer 0.00 £ 0.00 0.00 +0.00 0.00 £ 0.00 Stress (-)
Anti-TNF-o. +  0.00 +0.00 0.00 +0.00 0.00 +0.00 Veh BD 0.00+000  23+2  027£0.02
Cer Cer BD 0.00 £ 0.00 24+2 0.30 £ 0.02
Stress (+) Anti-TNF-a + Cer BD 0.00 £ 0.00 24+3 0.29+0.03
Veh 0.36 +0.04 0.00 +0.00 0.30+0.03 Stress (+)
Cer 151 +0.11° 273 +0.58" 1.63 +0.54° Veh 1.3+0.1" 0.89+0.12 43+5 0.51+0.03
Anti-TNF-o +  1.80 +0.21° 121 + 0.08° 073 + 0.05° Cer 42+03" 1210+056" 251+19° 292+028°
Cor Anti-TNF-a+Cer 18+0.2° 504+029° 107£9°  113%0.11°
*P < 0.05 vs control-vehicle Stress (-) group; ‘P < 0.05 vs Stress (+) plus Cer °P < 0.05 vs control-vehicle Stress (-) group; “P < 0.05 vs Stress (+) plus Cer
group. TNF-o: Tumor necrosis factor-a. group. TNF-a: Tumor necrosis factor-o; MPO: Myeloperoxidase; NF-«B:

Nuclear factor-«B.
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Table 10 Lung caspases (mean + SE)

Table 13 Stomach caspases (mean + SE)

Group CASP-2 CASP-3 CASP-8  CASP-9 Group CASP-2 CASP-3 CASP-8 CASP-9
Stress (-) Stress (-)
Veh 18+3 202 21+5 22+4 Veh 37+4 32+3 48+5 39+5
Cer 27+3 29+4 32+5 29+3 Cer 405 32+5 51+4 40+3
Anti-TNF-o. + Cer  26+2 24+3 24+4 22+3 Anti-TNF-o + Cer 33 +4 303 47+ 4 39+4
Stress (+) Stress (+)
Veh 97 +11 103 +9 99+8 104 £12 Veh 1358 £132" 1515+154" 1479 +£136" 1425 + 126"
Cer 853 + 81° 912+101° 824+77° 917 +85" Cer 798 £87° 824 +95° 868 + 70° 832 + 87°
Anti-TNF-a. + Cer 597 + 48° 592 4£55°  560+45° 568 +47° Anti-TNF-a. + Cer 1089 £98° 1203 +107° 1108 +89° 1144 +102°

Lung caspases are expressed as pmol/min per milligram protein. °P < 0.05
vs control-vehicle Stress (-) group; ‘P < 0.05 vs Stress (+) plus Cer group.
TNF-a: Tumor necrosis factor-o; CASP: Caspase.

Table 11 Energy metabolism in lung tissue (mean + SE)

Stomach caspases are expressed as pmol/min per milligram protein. °P
< 0.05 vs control-vehicle Stress (-) group; ‘P < 0.05 vs Stress (+) plus Cer
group. TNF-a: Tumor necrosis factor-o; CASP: Caspase.

Table 14 Energy metabolism in stomach tissue (mean + SE)

Group ATP (umol/mg  ATP loss (%) ADP/ATP Group ATP (umol/mg  ATP loss (%) ADP/ATP
protein) ratio protein) ratio
Stress (-) Stress (-)
Veh 103 +£0.5 00x+49 0.20 £ 0.03 Veh 13.4+0.9 0.0+6.7 0.16 + 0.02
Cer 10.0+0.3 29+29 0.22 £ 0.02 Cer 129+0.7 BYEHEY 0.18 £ 0.03
Anti-TNF-o + Cer 10.1+£04 19+38 0.21 +£0.03 Anti-TNF-a + Cer 13.0+0.8 3.0+£6.0 0.17 £ 0.02
Stress (+) Stress (+)
Veh 79+0.7 255+6.8 0.32 £ 0.05 Veh 55+04" 58.9 +3.0° 0.67 £ 0.07*
Cer 3.6+04" 66.0 +3.8" 0.72+£0.10° Cer 23+04° 82.8+3.0° 1.14 £ 0.16
Anti-TNF-q + Cer 6.7 £0.6° 36.8+5.7° 0.49 £ 0.06° Anti-TNF-o + Cer 6.2 +0.6° 53.7 £4.5° 0.58 + 0.06°

*P < 0.05 vs control-vehicle Stress (-) group; ‘P < 0.05 vs Stress (+) plus Cer
group. TNF-a: Tumor necrosis factor-a.

Table 12 Histopathological score in stomach tissue (mean +

SE)

Group Edema Hemorrhage Leukocyte Necrosis
infiltrate
Stress (-)
Veh 0.00+0.00 0.00+0.00 0.00+0.00 0.000.00
Cer 0.00+0.00 0.00+0.00 0.00+0.00 0.000.00
Anti-TNF-o + Cer 0.00+0.00 0.00+0.00 0.00+0.00 0.000.00
Stress (+)
Veh 3.25+0.14° 1.55+0.08" 1.26+0.19" 0.95 + 0.06"
Cer 1.17+0.08" 3.23+0.29" 2.77+0.16" 3.48+0.32"

Anti-TNF-o, + Cer 1.96+0.17° 2.23+0.15° 1.63+0.05° 1.57 +0.12°

°P < 0.05, "P < 0.01 vs control-vehicle Stress (-) group; °P < 0.05 vs Stress (+)
plus Cer group. TNF-a: Tumor necrosis factor-o.

Here, we employed a new model of chronic stress plus
submaximal cerulein stimulation to induce pancreatitis.
Furthermore, we studied a new 7z vitro model of TNF-q
plus submaximal CCK stimulation, and obtained results
that not only reproduced the main pathological events
experienced by the acinar cell, but also support the pan-
creatitis observed in animals exposed to the 7 zivo model.

First, we established that the pro-inflammatory cyto-
kine TNF-¢, inhibits submaximal CCK-stimulated amylase
secretion from pancreatic acini. While TNF-o alone does
not stimulate amylase secretion in human pancreas™ or
in isolated rat pancreatic acini, it certainly alters the typical
filamentous actin distribution”". A similar redistribution
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°P < 0.05 vs control-vehicle Stress (-) group; “P < 0.05 vs Stress (+) plus Cer
group. TNF-o: Tumor necrosis factor-o.

of actin from apical to basolateral membranes was ob-
served in pancreatic acini supra-stimulated with CCK™!.
Disorganization of the actin cytoskeleton is associated
with dysregulation of pancreatic enzyme secretion™
which could explain our findings (Figure 1).

Although necessary, the inhibition of pancreatic enzyme
secretion alone is not sufficient to induce pancreatitis®”
Nonetheless, we also demonstrated that the combination
of TNF-o and submaximal CCK pathologically acti-
vates NF-kB and trypsinogen in pancreatic acini. TNF-a
has been shown to regulate the activity of distinct PKC
isoforms in diverse cell types, including the pancreatic
acinar cell®*, PKC consists of a family of at least 12
isozymes differing in tissue distribution and activation
requirements. There are three subclasses: classical PKC
isozymes (-o, -B1, -B2, and -y), which require calcium and
are activated by diacylglycerol and phorbol ester; the novel
PKC isozymes (-8, -¢, -1, and -8), which are activated by
diacylglycerol and phorbol ester independently of calci-
um; and the atypical PKC isozymes (-A, -1, and -¢), which
are calcium independent and not responsive to phorbol
ester. Rat pancreatic acini express the a, 8, €, and { PKC
isozymes'™. Changes in PKC activity are associated with
inflammation in a variety of tissues, including skin, kidney,
intestine, and pancreas**”. Specifically, PKC-8 and PKC-¢
regulate the signal transduction pathways implicated in
the pathophysiological activation of NF-xB and trypsino-
gen in pancreatic acini®, TNF-q, activates both PKC-§
and PKC-¢ in pancreatic acini™, and our study shows

November 28, 2010 | Volume 16 | Issue 44 |



that in turn, these convert physiological CCK concentra-
tions into physiopathogenic concentrations (Figure 2).
Different studies have consistently shown that modula-
tion of PKC activity sensitizes acinar cells to physiological
CCK and cerulein treatments, resulting in harmful levels
of NF-kB and trypsin activity, respectivelymgﬂ, In agree-
ment with TNF-q-regulated functions'" and the above
discussed results, we found that TNF-a plus submaximal
CCK induced both apoptosis and necrosis in acinar cells,
as revealed by the increased caspases’ activity, increased
LDH release, ATP loss, and changes in the ADP/ATP
ratio (Figure 3).

Secretion of TNF-o by several stress stimuli has been
demonstrated 7 vitro in many cell types, including pancreat-
ic acinar cells'™™ and i vivo in different tissues' ">, We
have shown that 7z vitro hypoxia-reoxygenation conditions
also induce TNF-q secretion by acinar cells (Figure 4).
These conditions are concomitant with ischemia-reperfu-
sion processes, which can be the result of microcirculatory
disturbances generated by stress”™. Indeed, local pancre-
atic blood flow is reduced by stress”. Hence, alternate
vasoconstriction and vasodilatation leading to tissue isch-
emia and reperfusion could reflect the putative local origin
of chronic stress-derived TNF-¢ found in the rat exocrine
pancreas, which is supported by the increased levels of
HIF-1o observed in the Stress (+) groups (Figure 5,
Tables 1-3). HIF-1q is a transcription factor induced by
hypoxic conditions and is involved in different inflamma-

- . .54
tory processes, such as dermatitis, theumatoid arthritis™

and also pancreatitis””.

Our model of chronic stress plus submaximal doses
of cerulein produced the hallmark features of pancreati-
tis (Figure 5, Tables 1-5), and also of its most frequent
complication, pancreatitis-associated lung injury (Figure 6,
Tables 8 and 9), which characterizes the severity of this
disease”™. Importantly, treatment with a TNF-q, antibody
greatly protected rats from chronic stress-related pancre-
atitis (Figures 5 and 6, Tables 1-5, 8 and 9). These results
strongly suggest a causative role for TNF-q in the devel-
opment of pancreatitis induced in chronically stressed
animals.

Although anti-TNF-q, therapy decreased pancreati-
tis severity, animals still developed a very-mild form of
this disease. The limited protection achieved i vivo was
probably due to a multiplicity of factors involved in the
development of pancreatitis, some of which seem to act
independent of TNF-q. Further work will be required
to identify the additional molecules and signaling path-
ways involved in chronic stress as a contributing factor to
pancreatitis. Nevertheless, this initial work demonstrates
a novel susceptibility mechanism by which chronic stress
could predispose the exocrine pancreas to pancreatitis
triggered by physiological levels of cerulein stimulation.

COMMENTS

Background
Pancreatitis is an inflammatory disorder of the pancreas characterized by
premature activation of pancreatic enzymes leading to pancreatic autodiges-
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tion, persistent inflammation, edema, and possible pancreatic necrosis. A wide
variety of factors, including gallstones, alcoholism, and a complication of endo-
scopic retrograde cholangiopancreatography, are thought to contribute to the
pathogenesis of this disease.

Research frontiers

Initial inflammation of the pancreas may progress to involve other organs such
as the kidney, lungs, and liver. Inflammatory mediators induce complications
that can range from local to systemic, leading to a severe form with high mor-
bidity/mortality. Thus, it is critical to identify the precipitating factors of pancreati-
tis, because treatment will diverge significantly depending on the etiology.

Innovations and breakthroughs

Chronic stress has received little attention as a factor contributing to pancreati-
tis. Using a new model combining chronic restraint and physiological stimula-
tion of the exocrine pancreas, the authors have established that chronic stress
might sensitize the pancreas to pancreatitis. Furthermore, they have begun to
elucidate the molecules responsible for the initial events.

Applications

The protective effect shown by anti-tumor necrosis factor-o. therapy in this ex-
perimental model of pancreatitis indicates a potential clinical application for this
antibody in treating this disease. However, the results also indicate that other
molecules might be involved in this pathology. This suggests that better results
could be obtained by combined therapies, but this requires further experiments
to identify additional key contributing molecules.

Peer review

The authors present a study that demonstrates that chronic stress enhances
the susceptibility for pancreatic damage produced by physiological cerulein
stimulation. It is thought that the authors have produced a good piece of work.
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