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Abstract

Reactive oxygen and reactive nitrogen species (ROS/RNS) have been implicated in the pathogenesis of acute
and chronic pancreatitis. Clinical and basic science studies have indicated that ROS/RNS formation processes
are intimately linked to the development of the inflammatory disorders. The detrimental effects of highly re-
active ROS/RNS are mediated by their direct actions on biomolecules (lipids, proteins, and nucleic acids) and
activation of proinflammatory signal cascades, which subsequently lead to activation of immune responses.
The present article summarizes the possible sources of ROS/RNS formation and the detailed signaling cascades
implicated in the pathogenesis of pancreatic inflammation, as observed in acute and chronic pancreatitis. A
therapeutic ROS/RNS-scavenging strategy has been advocated for decades; however, clinical studies examin-
ing such approaches have been inconsistent in their results. Emerging evidence indicates that pancreatitis-in-
ducing ROS/RNS generation may be attenuated by targeting ROS/RNS-generating enzymes and upstream me-
diators. Antioxid. Redox Signal. 11, 135–165.
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I. Introduction

REACTIVE SPECIES include reactive oxygen species (ROS),
reactive nitrogen species (RNS), and other carbon-cen-

tered molecules, which are unstable chemicals generated in
biologic systems under normal physiologic as well as patho-
physiologic conditions (190). ROS include free radical inter-
mediates, such as singlet oxygen (�O), superoxide (�O2

�) and
hydroxyl free radical (�OH�), as well as nonradical mole-
cules, such as hydrogen peroxide (H2O2) and hypochlorous
acid (HOCl). RNS consist primarily of nitric oxide (NO), per-
oxynitrite, nitrogen dioxide radical (�NO2

�), and other ni-
trates, whereas carbon-centered molecules are rather com-
plex in terms of their chemical structure and generally are
produced in xenobiotic metabolism.

Ample evidence implicates ROS/RNS in many physio-
logic functions such as vascular tone regulation, oxygen
sensing, and host-defense mechanisms (35). However, it
should be emphasized that the electrophilicity of the
ROS/RNS make them highly susceptible to reaction with
biomolecules including lipids, proteins, and nucleic acids,
which can alter the functionality of these molecules. Hence,
the cellular concentration of ROS/RNS should be strictly
controlled to prevent such deleterious effects. The balance
between ROS/RNS-generating enzymes and scavenger en-
zyme systems can be disrupted in a number of pathologic
conditions, such as diabetes mellitus (148, 276), endothelial
dysfunction, atherosclerosis, hypertension (35), degenerative
diseases (183), glomerulonephritis (271), hepatitis (184), in-
flammatory bowel disease (252), and pancreatitis (273).
Unchecked ROS/RNS generation leads to oxidative damage
and activation of reactive signaling cascades, and thus ROS-
scavenging therapy has been proposed as a potential treat-
ment for disorders related to excessive ROS/RNS genera-
tion.

Pancreatic inflammation occurs in two forms: acute pan-
creatitis (AP) and chronic pancreatitis (CP). AP is generally
characterized by edema and inflammatory infiltration, and
in severe cases, by necrosis and hemorrhage (38). Most CP
is associated with pancreatic-head enlargement, parenchy-
mal calcification, cystitis, pancreatic stones, fibrosis, and pan-
creatic exocrine and endocrine dysfunction (36). Direct in-
sults, such as insults due to chemical exposure, autoimmune
reactions, and surgical manipulations, which are thought to
harm pancreatic acinar cells, result in AP. Conversely, the
overactivation of pancreatic stellate cells (PSCs) has been im-
plicated in the development of CP. Although the epidemi-
ologies of AP and CP differ, some evidence suggests that re-
peated episodes of AP can result in the gradual development
of CP (230). The so-called “necrosis-fibrosis theory” hypoth-
esizes that residual pancreatic damage, in particular necro-
sis, may gradually lead to parenchymal destruction and fi-
brosis replacement (8). If so, the two clinically distinct
disorders may share some common pathogenic mechanisms.
Indeed, accumulated evidence from clinical and basic re-
search suggests that the pathogenesis of both AP and CP can
be associated with the presence of ROS/RNS. Abnormal
ROS/RNS generation seems to be independent of the etiol-
ogy of pancreatitis, because oxidative stress is observed in
different experimental pancreatitis models. Induction of AP
by using choline-deficient ethionine (CDE)-supplemented
diet, caerulein, taurocholate, and biliopancreatic duct liga-

tion resulted in elevated levels of malondialdehyde (MDA),
a lipid peroxidation product, and depletion of reduced glu-
tathione (GSH) (17, 222, 273). Similarly, findings from ex-
periments with chemical-induced CP models [hyperlipi-
demia, repeated caerulein injections, trinitrobenzene sulfonic
acid (TNBS), and dibutyltin dichloride (DBTC)] and sponta-
neous CP animals [Wistar Bonn/Kobori, WBN/Kob rats
(227)] indicated that signs of oxidative stress were present
during CP episodes (175, 228, 302, 341, 350). Radical gener-
ation has been detected directly by electron spin-resonance
(ESR) spectroscopy and the spin-trapping technique in ex-
perimental AP and CP (221, 273). Clinical findings have been
consistent with experimental findings. Both AP and CP pa-
tients exhibited elevated plasma lipid peroxidation, with the
concomitance of depleted serum thiol (87, 259). Meanwhile,
levels of circulating antioxidants such as vitamins A, C, and
E were depleted in pancreatitis patients (212, 244). Further-
more, serum oxidative stress markers have been shown to
correlate well with the severity of the pancreatitis (1, 259).
The increased lipid peroxidation in duodenum juice of pan-
creatitis patients, in addition to plasma, implies that their ox-
idative stress originated in the pancreas (111). Taken to-
gether, this convergence of findings suggests that ROS/RNS
are generated during the course of pancreatitis, leading to
pancreatic oxidative stress, which subsequently produces
systemic oxidative stress.

II. Effects of ROS/RNS on the Cellular Injuries and
Inflammatory Cascades

A. Direct actions on biomolecules

The instability of ROS and RNS predisposes them to react
with essential cellular components. Polyunsaturated fatty
acids, which are abundant in the plasma membrane and also
in the mitochondrial membrane, are among the most vul-
nerable targets of the ROS/RNS. They react with ROS, par-
ticularly hydroxyl free radicals, to form lipid peroxide, which
leads to membrane disintegration and necrosis of pancreatic
cells (273). ROS can also disrupt mitochondrial membrane
potential (øm), leading to cytochrome c release and subse-
quent DNA fragmentation (54, 266) (see IV(C) on H2O2-in-
duced mitochondrial damage). In addition, sulfhydryl
groups (�SH) in the cysteine moieties of proteins are vul-
nerable to ROS oxidation, which results in protein misfold-
ing (81). Such alternations in protein structure can affect 
enzyme activity, membrane-receptor function, and protein-
complex assembly (110, 164, 199, 253, 278). In some cases,
the protein oxidation is so severe that proteolysis takes place
(79). Cofactors of functional proteins (e.g., Fe2� moiety in he-
moglobin) can also be oxidized by selective oxidizing agents,
resulting in a nonfunctional protein (e.g., methemoglobin)
(79). Nitric oxide, which can be synthesized within pancre-
atic acinar cells, can react with protein thiol groups directly
or indirectly (via its metabolite peroxynitrite), forming ni-
trosylated adducts (117, 284). It has been reported that 
S-nitrosylation can suppress cellular respiration by inhibit-
ing enzymatic activity of glyceraldehyde-3-phosphate dehy-
drogenase and GSH reductase (21). Simultaneous generation
of nitric oxide and superoxide free radicals has also been
shown to induce DNA fragmentation and 8-hydroxylation
of guanine residues in vitro (136). The schematic diagram in
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Fig. 1 summarizes the direct actions of ROS/RNS on selected
biomolecules.

B. Activation of proinflammatory signaling pathways

Apart from their direct detrimental oxidative effects,
ROS/RNS can also serve as second messengers in intracel-
lular signaling. Redox-regulated signaling cascades involv-
ing mitogen-activated protein kinases (MAPKs), nuclear fac-
tor kappa B (NF-�B), and apoptotic pathways are discussed
in more detail in a later section. Switching on proinflamma-
tory cascades not only exerts direct effects on the pancreatic
cells, but also initiates the migration, adhesion, and infiltra-
tion of inflammatory cells into the exocrine pancreas. Genes
known to be involved in migration and adhesion processes,
such as chemotactic cytokines (chemokines) and intercellu-
lar adhesion molecules (ICAMs), are under the regulation of
the redox-sensitive kinases or transcription factors such as
MAPKs, NF-�B, and activator protein-1 (AP-1) (47, 77, 349).
The release of chemokines establishes a chemotactic gradi-
ent that facilitates the migration of inflammatory cells to-
ward the exocrine pancreas. The inflammatory cells attach
to the vascular wall by the traditional “rolling-and-adhe-
sion” process and subsequently become sequestered in the
pancreas. The expression of ICAMs brings infiltrated in-
flammatory cells in close contact with pancreatic exocrine
cells, making them more vulnerable to the cytotoxic ROS
generated by inflammatory cell respiratory bursts. The ROS
that originate from nonpancreatic cells can eventually trig-
ger an extraneous “oxidative burden” on the pancreas. More
important, this vicious cycle is apparently self-sustained.
That is, the nonpancreatic cell–derived ROS continuously ac-
tivate redox proinflammatory transcription factors, leading
to more inflammatory cell sequestration, and ultimately pro-
ducing extensive damage. In short, ROS/RNS are capable of
exerting damage in two phases: (a) acute injury by direct at-
tacks on cellular components and activation of signaling cas-
cades, and (b) long-term inflammatory cell recruitment and
secondary oxidative injury.

It should be stressed that oxidative stress is only one of
the mediators in inflammatory cascade regulation. A sub-

stantial body of evidence reveals that important processes of
the immune system not related to redox regulation would
contribute to some of the factors in controlling inflammatory
cascade. Recent in vivo studies illustrated that an array of in-
flammatory factors, such as IL-1, IL-6, IL-10, TNF-�, Fas,
chemoattractant cytokine receptor, and neurokinin receptor,
play a crucial role in mediating inflammatory cascade dur-
ing pancreatitis (237, 289). Of great interest in this context,
these signaling pathways could directly lead to trypsin cas-
cade, acute-phase response, and apoptotic cell death, result-
ing in pancreatic injury in a redox-independent manner
(237). Conversely, it is worth noting that oxidative stress
seems to be mediator of tissue damage during the patho-
genesis of AP and CP rather than acting as an initiating fac-
tor of pancreatitis. Extracellular oxygen free radical genera-
tion alone did not induce typical enzymatic and morphologic
changes of AP (251). Infusion of diethylmaleate, a potent ox-
idative-stress inducer, could deplete murine pancreatic GSH
levels, but did not cause characteristic morphologic alter-
ation and hyperamylasemia (105), indicating that ROS/RNS
alone would not serve as the initiating factor of pancreatitis.

III. Antioxidants Against ROS/RNS-Generating
Enzymes in Pancreatic Inflammation

A. Antioxidant enzymes and related proteins

Establishment of redox balance is highly complicated, re-
quiring sophisticated regulation of scavenger bioavailability
and of ROS/RNS generation. The major cellular ROS scav-
enger in the pancreas is GSH (a tripeptide consisting of glu-
tamate, cysteine, and glycine). The thiol group in the cys-
teine moiety of GSH accounts for its reducing power. GSH
concentration in the pancreas is �2 �mol/g tissue, the fourth
highest concentration among the visceral organs (114, 216).
Pancreatic GSH turnover is less only than that in the kidney
and liver, which have twofold and fourfold the turnover
rates of the pancreas (114). Hence, it appears that the pan-
creas is “evolutionally prepared” for defense against oxida-
tive stress.

The removal of ROS, in particular of ROS in the peroxide
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FIG. 1. Direct oxidative damage in pancreatic
cells. Reactive oxygen species/reactive nitrogen
species (ROS/RNS) can oxidize lipids in the cell
membrane, oxidatively modified proteins (via ni-
trosylation and disulfide linkage formation), depo-
larize the mitochondrial membrane, and induce
DNA fragmentation.
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family (ROOH), depends on the action of the selenium-con-
taining enzyme GSH peroxidase (GPx). GPx facilitates the
reduction of peroxides into water or related alcohols through
oxidation of GSH. GSH reductase then catalyzes the trans-
fer of an electron from nicotinamide adenine dinucleotide
phosphate (NADPH) to the oxidized glutathione molecule,
GSSG, to recycle back to its reduced form. Independent of
its GPx-dependent activities, GSH has the ability to scavenge
electrophilic chemicals, such as xenobiotics, through direct
conjugation and subsequent excretion from the cells.

Adequate bioavailability of GSH requires a highly regu-
lated biosynthesis procedure in addition to continuous re-
cycling. In brief, GSH is hydrolyzed or undergoes transpep-
tidation by �-glutamyl transpeptidase (GGT) extracellularly,
yielding amino acids glutamate, cysteine, or �-glutamy-
lamino acid. These amino acids are transported into the cy-
toplasm by amino acid transporter and condensed into �-
glutamylcysteine by the rate-limiting enzyme glutamate
cysteine ligase (GCL), also known as �-glutamyl cysteinyl
synthase. The dipeptide �-glutamylcysteine reacts with
glycine to form the bioactive antioxidant GSH in a GSH syn-
thase (GS)-dependent fashion. As delineated in Fig. 2, GSH
exerts a negative-feedback influence on GCL, maintaining
the intracellular GSH concentration in the range of 0.5 to 10
mM. The sophisticated cooperation of GSH reductase and
GCL preserves a cytoplasmic GSH/GSSG ratio between 30:1
and 100:1, so that cells are prepared to fight against oxida-
tive insults. It should be noted that the ratio is subject to
change in different cellular compartments. For example, the
GSH:GSSG ratio is only 1:1-3:1 in the endoplasmic reticulum
of pancreatic exocrine cells, presumably because disulfide
linkages play a role in proper protein folding during the se-
cretory actions (135). Although the pancreas has a relatively
low level of GCL transcripts and enzymatic activity (67), the
exocrine pancreas itself can synthesize bioactive GSH. Dis-
persed rat pancreatic acini can actively synthesize GSH from
precursor amino acids, and the trans-sulfuration pathway is
functionally intact in the pancreas (216). Actually, the abun-
dance of amino acids favors the formation of �-glutamyl-
cysteine, despite the low GCL activity.

Although GSH is the major cellular antioxidant in the pan-
creas, other cellular antioxidants also are present in the pan-
creas. In particular, vitamin C (353), vitamin E (186), and vi-
tamin A (10) are present in the pancreas in considerable
amounts. These antioxidants may also be responsible for cel-
lular defense against oxidative stress.

The association between antioxidant enzymes and pan-
creatic inflammation has been studied extensively over the
last decade. Low activity or expression or both of antioxi-
dant enzymes can exacerbate the oxidative burden during
pancreatitis. The pancreatic GPx level was shown to be sig-
nificantly altered in different experimental AP and CP mod-
els and AP patients (294). Induction of AP by taurocholate
(59), ischemia/reperfusion (213), caerulein (90, 91), and argi-
nine (61) depleted GPx activity in the pancreas. Pancreatic
GPx levels were also decreased in animals with TNBS-in-
duced CP (195), and in hyperstimulation-induced CP (72), as
well as in human CP patients (57). The decrease in GPx ac-
tivity extended systemically. Patients with AP had low red
blood cell GPx activity (212). It was reported that patients
with severe AP had lower serum GPx levels than did pa-
tients with mild, indicating that GPx activity may correlate
with the severity of pancreatic inflammation (330). Another
GSH-metabolizing enzyme, GCL, is closely associated with
the pathogenesis of AP. A different expression profile of GCL
was observed in different experimental pancreatitis models
of AP. Mild edematous, but not severe necrotizing AP, en-
hanced the protein expression of the catalytic subunit of GCL
(240). The reason is that necrotizing AP exhibited elevated
RNase activity in the cytosol, degrading the transcribed GCL
mRNA, thus abrogating the translational process (240). Fail-
ure in GCL expression in the severe form of AP might pro-
vide a clue that this pathophysiologic mechanism is crucial
in differentiating necrotizing from edematous pancreatitis,
probably via the control of the redox state of the pancreas
during AP.

The activity of other antioxidant-scavenging enzymes,
such as superoxide dismutase (SOD) and catalase (CAT), also
was decreased in the course of pancreatitis (57, 59, 61, 64, 90,
195, 213). Depletion of multiple antioxidant enzymes impairs
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FIG. 2. Glutathione (GSH) metabolism in pan-
creatic acinar cells. GSH is hydrolyzed by �-glu-
tamyl transpeptidase (GGT) extracellularly. The
amino acids are transported into the cytoplasm by
amino acid transporter and condensed to form �-
glutamylcysteine by glutamate cysteine ligase
(GCL). The dipeptide then reacts with glycine to
form active GSH in a GSH synthase (GS)-depen-
dent fashion. GSH scavenges ROS by two mech-
anisms: (a) oxidation of thiol groups to form GSSG
via GSH peroxidase (GPx); and (b) direct conju-
gation to electrophilic substances by the action of
GSH S-transferase (GST).
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the scavenging power against ROS, ultimately producing a
redox imbalance. Although the expression profiles of anti-
oxidant enzymes differed among studies (185, 222, 288, 293,
303, 329, 338), it is generally believed that antioxidant en-
zymes are protective against pancreatitis, given that elevated
expression of antioxidant enzymes should inhibit the devel-
opment of pancreatitis (154).

Recent advances in pancreatitis research have drawn at-
tention to ROS-scavenging antioxidant proteins. Thioredoxin
(Trx), a dithiol-containing redox-sensitive protein, is one of
the candidates that is closely associated with the pathogen-
esis of pancreatic inflammation. Patients with severe AP
show higher Trx-1 serum levels than do patients experienc-
ing only a mild attack (229). Trx-1 serum level correlated well
with AP severity, as demonstrated by Ranson score, C-reac-
tive protein, interleukin (IL)-6, leukocyte count, and serum
amylase (229), implying that this antioxidant protein is up-
regulated in response to oxidative stress. Overexpression of
Trx-1 was shown to attenuate pancreatic injury in caerulein-
induced AP and experimental CP in rodents (228, 230). This
finding is bolstered by the finding that therapeutic in-
traperitoneal administration of recombinant human Trx-1 af-
ter AP induction can abolish caerulein-induced pancreatic
injury (228). The protective effect of Trx can be attributed to
its ROS-scavenging capacity and the subsequent inhibition
of proinflammatory cascades and profibrogenic pathways
(228, 230). Trx can also exert antioxidant-independent anti-
inflammatory actions (see IV (A) on the MAPK-activating
pathway by Trx-1 oxidation). Further investigation is re-
quired to explore the possible involvement of the non–ROS-
scavenging ability of Trx in treating pancreatic inflamma-
tions.

Another antioxidant enzyme that is closely related to the
pathogenesis of pancreatitis is metallothionein (MT)-1. It is
a small cysteine-rich heavy metal–binding protein, exhibit-
ing potent scavenging property. In patients with CP with or
without diabetes, the pancreatic expression of MT-1, local-
ized mainly in acinar cells, was enhanced (205). Hyperstim-
ulation-induced AP revealed an elevated pancreatic mRNA
and protein-expression levels of MT-1 (105). Pancreata from
CP induced by repeated administration of caerulein exhib-
ited augmented MT-1 expression in a time-dependent man-
ner (344). Induction of MT-1, by either injection of zinc (325)
or genetic overexpression (106), was shown to be protective
against caerulein-induced and taurocholate-induced AP, as
evidenced by decreased serum amylase, suppression of aci-
nar cell injury, and attenuation in pancreatic edema. Mice
with genetic deletion of MT-1 were more susceptible to
caerulein-induced pancreatitis (237). This convergence of ev-
idence indicates that MT-1 is induced during episodes of
pancreatitis, which could protect the animal from oxidative
damage. It is noteworthy that MT-1 induction might rely on
the redox imbalance during the episode of pancreatitis. Di-
ethylmaleate administration, exerting pancreatic oxidative
stress, is strong enough to induce MT-1 expression, to an ex-
tent similar to hyperstimulation (105). This is in line with the
results from other studies showing that MT expression could
be strongly stimulated with oxidative stress in different tis-
sues, including heart, lung, liver, and kidney (101). In this
regard, possible cross-talk between antioxidant proteins or
enzymes might exist in such as way that the activity of anti-
oxidant proteins or enzymes would control the expression

levels of ROS-scavenging proteins, orchestrating the resul-
tant redox status.

The GSH-metabolizing enzyme GSH S-transferase (GST)
may be involved in redox balance regulation during pan-
creatic inflammation. It is responsible for catalyzing the re-
action of glutathione conjugation with xenobiotic and elec-
trophilic substances. GST exists in alpha (A), mu (M), pi (P),
and theta (T) subtypes. GST-A and GSTM are located pri-
marily in the ductal system and lumen (193, 256), whereas
GSTT is situated in the pancreatic acinar cells (191, 203). Nu-
merous studies have revealed a strong correlation between
GST mutation and the incidence as well as the severity of
pancreatitis. Patients with biliary AP and idiopathic CP have
been found to have a functional genotype of GSTT-1 gene
(denoted GSTT-1* A) (245, 246). Similarly, GSTM1-null geno-
types were found to be significantly less common in alco-
holic CP patients (315). Hence, individuals carrying a func-
tional genotype of GST, which is expected to be more
resistant against oxidative stress, appear to be more suscep-
tible to developing pancreatic inflammation in response to
environmental stresses and toxins. The paradox could be ex-
plained by detrimental effects of GST on the bioactivation of
xenobiotics, because the toxicity of many chemicals may be
enhanced by GSH conjugation (18). Alternatively, such mu-
tations may disrupt the GSH balance. The conjugation of
GSH with xenobiotic molecules, followed by subsequent cel-
lular excretion, can lead to GSH depletion from cells. This
“suicidal conjugation” leads to permanent loss of GSH, in-
terrupting normal GSH recycling by the GPx/GHS reduc-
tase system (245). As a result, the cellular GSH:GSSG ratio
is upset, eventually leading to establishment of oxidative
stress.

It is of interest to note that the GST mutation is less preva-
lent in patients in North America than in patients from other
regions (22), implying that lifestyle and other environmen-
tal factors may be involved in normalizing the effects of GST
mutation in pancreatitis development.

B. ROS/RNS-generating enzymes

The details of ROS/RNS generation are discussed subse-
quently. In particular, the changes in enzymatic activities or
their expression levels during the course of both AP and CP
are also extensively reviewed here. Table 1 summarizes the
details of the expression profiles and activities of the
ROS/RNS enzymes, as well as their antioxidant counter-
parts, in the pathogenesis of pancreatitis.

C. Xanthine oxidase

Xanthine oxidase (XOD) is the molybdenum-containing
enzyme involved in purine metabolism. It catalyzes the con-
version of hypoxanthine to xanthine and of xanthine to uric
acid. The reaction couples to the reduction of molecular oxy-
gen with the cooperation of the cofactor flavin adenine din-
ucleotide (FAD), thus giving rise to superoxide and hydro-
gen peroxide. XOD is expressed in numerous tissues
including liver, kidney, lung, intestine, and pancreas (208,
350). XOD is generally expressed in cytoplasm, but its par-
ticular subcellular localization varies among cell types (103).
XOD can be produced from its reduced form, xanthine de-
hydrogenase (XDH).

Freshly isolated xanthine oxidoreductase (XOR) exists pre-
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TABLE 1. COMPARISON OF EXPRESSION/ACTIVITY OF ANTIOXIDANT PROTEINS AND ROS/RNS-GENERATING

ENZYMES IN PATIENTS AND BETWEEN DIFFERENT EXPERIMENTAL AP AND CP MODELS

Antiox CYP NADPH
GPx SOD CAT proteins XOD NOS 2E1 oxidase

Caerulein AP AP AP AP AP AP N/A AP
↓pan ↓pan ↓pan ↑GCL ↑isolated ↓cNOS ↑pan
(90, 91) (64, 91, (91, 222) pan acini ↑iNOS (125, 309)

222) (240) (291) pan
↑pan (6) ↑acinar cells
(222) ↑MT-1 No change (345)

pan pan
(105) (52, 78,

224)
CP CP
↓pan ↑MT-1
(72) pan

(344)
Intraductal AP AP N/A AP AP AP N/A N/A

bile acid ↓pan ↓pan No change ↑ser ↑iNOS
infusion, (59) (59) GCL (99, 241) pan
TNBS, and ↑pan ↑pan pan (240) ↑pan (250,314)
related (329) (329) (52)

No No change
change pan
pan (338)
(338)
CP CP
↓pan ↓pan
(195) (195)

Arginine AP AP AP N/A N/A AP N/A N/A
↓pan ↓pan ↓pan ↓CNOS
(60, 61) (60, 61) (60, 61) ↑iNOS

PAN
↑pan ↑pan (295)
(293) (293)

↑iNOS
↑acinar acinar cells
cell (210)
(288)

Surgical AP AP AP N/A AP AP AP
manipulation- ↓pan ↓pan ↓pan ↑pan ↑NOS ↑pan
induced AP (213) (213) (202) (224) pan (39)
[ischemia/ both IR and (14, 317) OB
reperfusion, OB
(OB) and
related]

WBN/Kob N/A CP N/A N/A CP N/A N/A CP
rats ↑pan ↑pan ↑pan

(288) (350) (198)
Other CP AP N/A N/A AP N/A CP CP

pancreatitis ↓pan ↓pan ↑pan ↑pan ↑pan
model (328) (223) (223) (153, (198)
(hyperlipide DBTC CDE-diet CDE-diet 225) DBTC
mia,alcohol, EtOH
DBTC) CP CP

↓pan No change
(341) pan
High lipid (328)
diet DBTC
↓pan
(328)
DBTC

(continued)

Antioxidant
enzymes/proteins

ROS/RNS-generating enzymes



dominantly in the form of XDH, exhibiting negligible xan-
thine oxidase activity but high affinity toward xanthine/
NAD�. On oxidation of its cystein residues, XHD converts
to XOD reversibly, attaining high enzymatic activity toward
the substrate O2, but not NAD�. Irreversible conversion to
XOD can be achieved by restricted proteolytic cleavage (219).

It has been reported that XOD conversion takes place dur-
ing an ischemia/reperfusion state (239), which is a common
pathologic phenomenon during outbreaks of AP or CP (75,
307). Results from another study revealed that conversion of
XDH to XOD could also be attained by the proteolytic en-
zyme trypsin in vitro (286), implying that intracellular active
trypsin may participate in XOD activation during AP
episodes. The details of XOD activation in pancreatitis are
summarized in Fig. 3.

A substantial body of evidence indicates that XOD-de-
rived ROS play an important role in the pathogenesis of both
AP and CP. The xanthine-XOD system alone has been dem-
onstrated to trigger AP-like lesions in isolated pancreatic
acini, as evidenced by intrapancreatic trypsinogen activation,
swollen mitochondria, and zymogen granule damage (217).
These observations are in good agreement with more recent
findings indicating that perfusion of the pancreatic glands
with hypoxanthine-XOD results in an elevated amylase level,
edema, and necrosis (192).

Caerulein, a cholecystokinin (CCK) receptor agonist, can
trigger generation of XOD-derived oxygen radicals in iso-
lated pancreatic acini (291). Moreover, an association be-
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TABLE 1. COMPARISON OF EXPRESSION/ACTIVITY OF ANTIOXIDANT PROTEINS AND ROS/RNS-GENERATING

ENZYMES IN PATIENTS AND BETWEEN DIFFERENT EXPERIMENTAL AP AND CP MODELS (CONTINUED)

Antiox CYP NADPH
GPx SOD CAT proteins XOD NOS 2E1 oxidase

Other ↓PSCs
pancreatitis (13)
model pressure
(hyperlipide ↓pan
mia,alcohol, (185)
DBTC) DBTC

Patients AP AP AP AP AP AP CP N/A
↓ser ↓ser ↑ser ↑Trx ser ↑pan ↑iNOS ser, ↑pan
(212, (294) (294) (229) (303) monocyte (319)
330) (300)

No change
ser
(212)

CP CP CP CP CP
↓pan ↓pan ↓pan ↑MT-1 ↑pan
(57) (57) (57) pan (303)

(205)
↓ser ↑ser ↑ser
(294) (294) (294)

↑/↓ pan: increase/decrease expression or activity in the pancreas.
↑/↓ ser: increase/decrease expression or activity in the serum.
Antiox proteins, antioxidant proteins.
EtOH, ethanol-induced pancreatitis.
IR, ischemia-reperfusion.
N/A, the related studies are not available.
OB, obstruction.

Antioxidant
enzymes/proteins

ROS/RNS-generating enzymes

FIG. 3. Involvement of xanthine oxidase (XOD) in pan-
creatic inflammations. Xanthine dehydrogenase (XDH) con-
verts to active XOD via oxidation of cysteine residues to
disulfide linkage or proteolytic cleavage. Ischemia/reperfu-
sion and intrapancreatic trypsinogen activation may be in-
volved in the process. Active XOD can generate superoxide
free radicals and thus may produce oxidative damage and
pancreatic lesions. Allopurinol, a specific XOD inhibitor, or
tungsten, an inactivator of XOD, could abolish XOD activ-
ity, thus limiting pancreatic lesions and oxidative stress.
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tween XOD and the pathophysiology of pancreatic inflam-
mation has also been demonstrated in in vivo systems. Serum
XOD levels were elevated in the early phase of AP after in-
traductal taurocholate administration (99, 241). Mice fed
with a CDE diet exhibited elevated pancreatic XOD activity
over controls (223). Augmentation of pancreatic XOD activ-
ity was observed in 8-week-old WBN/Kob rats (before de-
velopment of CP), and this augmentation correlated well
with histologic damage (350). Marked XOD-derived oxida-
tive stress, colocalized with local expression of a proinflam-
matory marker, was observed in a resected pancreas speci-
men from a pancreatitis patient (303). These observations
imply that XOD-derived superoxide and peroxide are up-
regulated during pancreatic inflammation, leading to pan-
creatic lesions and activation of proinflammatory pathways.
It should be emphasized that the occurrence of XOD-derived
ROS generation depends on the etiology or experimental
methods that induce the pancreatitis. In general, it is usually
observed in severe forms of AP (such as with the intraduc-
tal infusion–induced or ischemia/reperfusion model), but
not in milder forms (such as after hyperstimulation).

Hyperstimulation-induced AP by caerulein injection did
not elevate pancreatic XOD activity (78, 224). Invasive treat-
ments, such as intraarterial infusion of oleic acid, partial ob-
struction of the pancreatic duct with secretin stimulation, or
ischemia/reperfusion (but not caerulein stimulation alone)
can elevate pancreatic XOR activity in isolated canine pan-
creas (224). XOD-derived oxygen free radicals were observed
in necrohemorrhagic pancreatitis (after intraductal tauro-
cholate infusion), but not in mild pancreatitis (after caerulein
stimulation) (52). Enzyme inhibition/inactivation studies
suggest that XOD targeting may represent a therapeutic
strategy for treatment of pancreatic inflammations.

Allopurinol, a specific XOD inhibitor, was shown to at-
tenuate injurious effects in the pancreas after ischemia/
reperfusion (132) or ex vivo perfusion (264). Allopurinol treat-
ments have also been reported to attenuate AP in various
animal models including caerulein-induced (333), biliopan-
creatic duct obstruction/ischemia–induced (131), arginine-
induced (60), and taurocholate-induced AP models (138).
Furthermore, allopurinol has been shown to suppress SOD
inhibitor–induced fibrogenic gene expression in rat PSCs, in-
dicating that XOD-derived hydrogen peroxide plays a criti-
cal role in the progression to fibrosis (299). Inhibition of XOD
has also been shown to attenuate TNBS-induced oxidative
stress, collagen deposition, lobular atrophy, and �-smooth
muscle actin expression in PSC (302). Administration of
tungsten, a competitive antagonist of molybdenum, which
thereby inactivates XOD, has also been shown to suppress
the onset of CP in WBN/Kob rats (350). All of these findings
point to XOD as a source of ROS that exert deleterious ef-
fects on the pancreas in both AP and CP.

Clinically, controversy remains with respect to whether
XOD inhibition has therapeutic benefits on pancreatic in-
flammation. Budzyñska et al. (30) and Romagnuolo et al. (255)
reported that prophylactic administration of allopurinol
(200–300 mg/kg) did not protect against endoscopic retro-
grade cholangiopancreatography (ERCP)-induced AP. How-
ever, another group of investigators found that a high dose
(600 mg/kg) of allopurinol prevented the onset of ERCP-in-
duced AP (149). The discrepancy of these two studies may
be due to the differing dosages of allopurinol administrated

to the patients. It is possible that the lower doses were not
sufficient to inhibit endogenous XOD activity, and thus
failed to prevent ERCP-induced AP.

Another clinical trial concerning this enzyme inhibitor also
yielded negative results. Given at dose 300 mg/d, allopuri-
nol did not affect pain or activities levels in CP patients (16).
However, the study of Banks et al. (16) was small in scale
(N � 13) and did not report serum marker levels or biopsy
analysis, so it is difficult to know whether the treatment had
any internal effects on CP severity that did not translate into
effects on pain and activity. Thus, a larger-scale study of al-
lopurinol in CP patients with more-precise measures should
be carried out. Likewise, more randomized, double-blinded
clinical trials should be conducted to validate the beneficial
effects of XOD inhibition in these disorders. Until such re-
sults are produced, the efficacy of XOD inhibition in the
treatment of CP remains unresolved.

D. Nitric oxide synthase

Nitric oxide synthase (NOS) is the NADPH-dependent en-
zyme responsible for catalyzing the conversion of L-arginine
and oxygen to citrulline and the free radical nitric oxide
(NO). NOS exists in three subtypes: neuronal NOS (nNOS,
type I), inducible NOS (iNOS, type II), and endothelial NOS
(eNOS, type III), which differ from one another in terms of
tissue distribution, physiologic role, and regulatory mecha-
nism (50, 226). Both nNOS and eNOS are Ca2� dependent
and constitutively expressed in neurons and endothelial
cells, respectively (known as constitutive NOS, cNOS), main-
taining tonic regulation and neuron transmission (50). Mean-
while, iNOS is Ca2� independent and induced during in-
flammatory processes (50). It is generally believed that NOS
localizes in the plasma membrane, facilitating diffusion be-
tween neighboring cells for signal transduction (226). Local-
ization of NOS to the plasma membrane is necessary for max-
imal NO production (108, 139, 226). NOS can also be targeted
to other subcellular regions, such as the nucleus, mitochon-
dria, and Golgi, where the cellular functions they serve have
yet to be delineated (108, 139, 226).

The constitutive bioavailability of NO resides primarily
with nNOS and eNOS, which are expressed in pancreatic
nerves and vasculature, respectively. Emerging evidence in-
dicates that acinar cells may also be a source of NO in the
pancreas; such locally produced NO could play a role dur-
ing pathologic status of pancreatitis. Both nNOS and eNOS
can be detected by immunoblotting and immunohistochem-
istry in rodent pancreatic acinar cells (215, 337). Findings
from functional in vitro studies support the hypothesis that
biologically active NO could be generated within acinar cells.
Pancreatic acinar cells can actively convert arginine to cit-
rulline and elevate cellular nitrite content on stimulation (3,
124, 334). Nonselective NOS inhibition was shown to abol-
ish secretagogue-induced amylase secretion in isolated pan-
creatic acini and in acinar cells (3, 334). Intravenous admin-
istration of the nonspecific NOS inhibitors N-nitro-L-arginine
or N-nitro-L-arginine methyl ester suppressed secretagogue-
induced pancreatic secretion in rats and mice (82, 144). It
should be emphasized that inhibition of pancreatic enzyme
secretion plays an active role in the development of AP. Se-
cretion of proteases, particularly of trypsin, is inhibited dur-
ing the course of pancreatitis, thus leading to autodigestion
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of the gland. Hence, these data might imply that NOS ac-
tivity could influence the severity of pancreatic inflamma-
tion by controlling pancreatic secretion.

Different isoforms of NOS have differing expression pro-
files and impacts on the pathogenesis of pancreatic inflam-
mation. AP induction by caerulein- or arginine-induced AP
depleted constitutive NOS activity in the pancreas (6, 295).
Nonspecific inhibition of NOS enhanced the severity of
caerulein-induced AP (9, 331) and closed-duodenal loop–in-
duced AP (220). Conversely, AP could be attenuated by the
NOS substrate L-arginine or the NO donor sodium nitro-
prusside (9, 331). eNOS-knockout mice subjected to
caerulein-induced AP exhibited augmented intrapancreatic
trypsin activity and serum lipase levels (83). Taken together,
these findings indicate that constitutive RNS regulate nor-
mal exocrine secretion and may protect against pancreatitis.
These paradoxic observations may be explained by the fact
that constitutive NO is generated in a relatively small
amount, whereas its inducible counterpart is generated in
surges. The miniscule levels of RNS normally present are not
sufficient to trigger nitrosative damage. Constitutive NO is
known to exert beneficial effects in the pancreas because of
enhancement of pancreatic microcirculatory blood flow (83),
inhibition of leukocyte adhesion (331), and suppression of
cathepsin B, which is crucial in pancreatic trypsinogen acti-
vation (50). Unlike constitutive eNOS, iNOS has been shown
to have an altered expression profile during AP pathogene-
sis, which is associated with deleterious effects on the pan-
creas. Elevated expression of pancreatic iNOS was observed
in caerulein-induced AP (6, 312), arginine-induced AP (295),
taurocholate-induced AP (250, 314), experimental post-
ERCP–induced AP (100), and ischemia/reperfusion-induced
AP (14, 317). The expression of the iNOS was localized
mainly in the vascular smooth muscle cells and endothelial
cells (6, 14). It has been shown that patients with severe AP
have elevated expression of iNOS in monocyte (300). Fur-
thermore, selective inhibition of iNOS has been shown to
ameliorate experimental AP in Australian possums (263) and
in rats (14, 42). Meanwhile, genetic deletion of iNOS has been
shown to inhibit hyperstimulation, elevated intrapancreatic
trypsin, and neutrophil infiltration (58). The deleterious ef-

fects of iNOS may be attributed to its high NO-production
activity. iNOS produces a large amount of electrophilic NO
during AP pathogenesis, subsequently activating a proin-
flammatory cascade, leading to inhibition of cellular respi-
ration and formation of irreversible nitrosylation and nitra-
tion of cellular proteins, which eventually results in
pancreatic cell death (both necrotic and apoptotic) (50). Al-
though contradictory findings have been reported (96, 243),
it is generally believed that iNOS exerts its detrimental ef-
fects via NO overproduction, which subsequently leads to
oxidative nitrosative damage. NOS involvement in pancre-
atitis pathogenesis is summarized in Fig. 4.

It is worth noting that the effects of administering NOS
inhibitor, substrate, or direct NO donor on pancreatic in-
flammation depend on the administrative route and dosage
applied. L-Arginine is usually protective against AP, as men-
tioned earlier, but can induce pancreatic lesions when in-
jected intraperitoneally at very high doses (250–500 mg/100
g) in rats (161, 207, 298), rabbits (33), and mice (56, 352). Argi-
nine-induced AP is considered as one of the noninvasive
methods for triggering acute necrotizing pancreatitis, with
morphologic alternations and complications similar to those
seen in the clinical setting (38, 68, 129, 161). Arginine alone
could enhance in vitro iNOS expression in pancreatic acinar
cells (210), indicating that excessive arginine alone could lead
to inflammatory response in the cells. Thus, care must be
taken to choose an optimal dose and administration route to
achieve therapeutic goals with minimal side effects in the
clinical setting. Clinical trials targeting NOS alone have yet
to be carried out. Further studies should be conducted to ver-
ify whether novel selective iNOS inhibitors provide an al-
ternative therapy against pancreatic inflammation (42, 263)

E. Cytochrome P450

Cytochrome P450 (CYP) is the family of monooxygenases
responsible for metabolism of a wide variety of exogenous
substrates (xenobiotics) in addition to endogenous substrates
(177). Its name is derived from its characteristic absorbance
at 450 nm when it is in its reduced state after binding to car-
bon monoxide. CYP catalyzes the oxidation of xenobiotics or
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FIG. 4. Differential-expression profile of dif-
ferent nitric oxide synthases (NOSs) during AP.
Endothelial NOS (eNOS) is depleted during pan-
creatic inflammation, leading to impairment of
pancreatic microcirculatory blood flow and sup-
pression of pancreatic secretion. This circum-
stance promotes leukocyte adhesion, facilitating
cathepsin B activation. Conversely, inducible
NOS (iNOS) is upregulated during AP, resulting
in cell death and oxidative stress.
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endogenous substrates by using molecular oxygen as an ox-
idizing agent in an NADPH-dependent manner. The enzyme
is located in the smooth endoplasmic reticulum and shares
some similarities with mitochondrial cytochrome oxidase, as
evidenced by their high binding affinity with oxygen and
carbon monoxide (177). Functionally, the CYP family en-
zymes are primarily involved in the biosynthesis of steroids,
fatty acids, and bile acids; a small number of CYP enzymes
participate in xenobiotic metabolism, namely CYP1-4 (118).
This class of xenobiotic-metabolizing CYPs is known as a
detoxification enzyme group because of the enzymes’ abil-
ity to attach an activated oxygen or hydroxyl group to
lipophilic xenobiotics, which can then be solubilized by
phase II enzyme via conjugation with a glucuronic acid, sul-
fate, or acetyl group (118).

However, in some cases, oxidation of xenobiotics is dis-
astrous, making them more toxic and reactive than their par-
ent compounds. More important, CYPs tend to facilitate the
reduction of oxygen to superoxide free radicals in the ab-
sence of a substrate for hydroxylation (177). Even in the pres-
ence of substrate, the “leaky property” of CYPs enables free
radical molecules to escape easily, producing oxidative stress
(118, 177). In addition, CYP2E1, one of CYP subclasses, con-
verts ethanol to a carbon-centered radical, known as 1-hy-
droxyethyl radical, which can exert oxidative damage on
cells directly (165).

Among the xenobiotic-metabolizing CYPs, CYP2E1 has
been shown to correlate particularly well with the develop-
ment of pancreatitis because it metabolizes low-molecular-
weight xenobiotics including ethanol (118, 177). Actually, it
is well documented that chronic alcohol consumption can in-
duce pancreatic inflammation in humans and in an experi-
mental model, and CYP2E1 seems to serve as a pivotal fac-
tor in ethanol-derived toxicity toward pancreatic cells (11,
321). Alcohol metabolism not only takes place in the liver,
but also occurs in the pancreas, albeit to a lesser extent. Pan-
creata from rat and human normally expresses low levels of
CYP2E1 (225, 285). Prolonged ethanol administration in-
duced CYP2E1 expression in the rat pancreas (225), together
with CYP enzymatic activity (153). Likewise, pancreatic
biopsies from alcoholic CP patients had elevated levels of
CYP2E1 (319). These findings imply that ethanol can upreg-
ulate pancreatic CYP2E1 expression in CP, and thus can ex-
ert toxic effects on the gland, probably through ROS gener-
ation.

Evidence shows that CYP plays a critical role in the patho-
genesis of pancreatic inflammation. The pharmacokinetics of
a CYP activity probe has been shown to be significantly al-
tered in AP and CP patients (2). Shortened half-lives and in-
creased clearance rates of CYP-sensitive drugs were ob-
served, implying that CYP is induced during episodes of
pancreatic inflammations (2). DBTC, an organotin that leads
to pancreatic lesions and experimental CP, induced cellular
toxicity via CYP (311) and subsequent generation of ROS in
the pancreas (175). Furthermore, co-administration of DBTC
and ethanol aggravated oxidative stress to the pancreas,
compared with ethanol alone (328), indicating that these two
CYP-sensitive xenobiotics exert additive effects on the pan-
creas, leading to pancreatic lesions and subsequent pancre-
atic inflammation.

Numerous clinical investigations concerning the relation
between CYP2E1 and alcoholic pancreatitis have been car-

ried out. These studies focused primarily on whether alco-
holic CP patients possess genetic alterations in the CYP2E1
gene. Genetic analysis revealed that CYP2E1 polymorphisms
do not correlate with the incidence of alcoholic CP (32, 36,
41, 104, 316, 342). Rather, carriers of mutations in other genes
related to alcohol metabolism, such as alcohol dehydroge-
nase 2, were at higher risk of pancreatitis (32, 194). Hence,
the CYP2E1 gene is unlikely to be involved in the suscepti-
bility to and pathogenesis of alcoholic pancreatitis. Mutation
of a single or multiple nucleotides in CYP2E1 is not suffi-
cient to trigger CP. However, other genetic alterations re-
lated to CYP2E1 processing and stability might be involved
in CP pathogenesis, as prolonged ethanol consumption was
reported to increase the protein, but not the transcript, of
CYP2E1 in the pancreas (225). Thus, it is tempting to specu-
late that genes involved in controlling CYP2E1 stability and
posttranslational modification could be candidates for
CYP2E1 protein upregulation during CP development. Fur-
ther investigations should be carried out to identify the cul-
prit of CYP2E1-related gene effects in pancreatitis develop-
ment.

F. Nicotinamide adenine dinucleotide phosphate oxidase

Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase is the transmembrane flavoprotein enzyme that cat-
alyzes the univalent reduction of oxygen by using NADPH
as an electron donor to create the superoxide free radical. It
is a multimeric enzyme consisting of five different subunits,
including Nox (e.g., gp91phox), Nox organizer (NOXO; e.g.,
p47), and Nox activator (NOXA; e.g., p67), p22 and p40. The
participation of Rac would elicit full oxidase activity (163).
It was found primarily in leukocytes and has been shown to
play an active role in host-defense mechanisms and inflam-
matory processes (28). NADPH oxidase is not confined to
phagocytes, but also exists in many different tissues includ-
ing colon, kidney, spleen, testis, blood vessels, and even pan-
creas (39, 121, 133, 198, 296, 346). NADPH oxidase is regu-
lated via two distinct mechanisms. The first pathway
depends on the spontaneous translocation of its subunits. In
the resting state, NOXO, NOXA, and p40 reside in the cy-
tosol, whereas Nox and p22 are located in the plasma mem-
brane. On stimulation, NOXO translocates to the membrane,
recruiting NOXA and interacting with the p22 subunit. The
interaction between NOXA and p22 is crucial for the oxidase
activity of Nox (121, 296).

The second regulatory mechanism relies on de novo syn-
thesis of the NADPH oxidase subunits. Obviously, aug-
mentation of the expression of this enzyme would un-
doubtedly enhance ROS generation. Tumor necrosis factor
alpha (TNF-�) and proinflammatory cytokine can upregu-
late transcription of p22 in vascular smooth muscle cells (70).
Vasoactive peptide, angiotensin II, has been shown to in-
crease the expression of p22 and p67 in rat aorta and ad-
ventitial fibroblasts, respectively (107, 234). Elevated renal
expression of p22 and Nox-1 has also been detected on sub-
cutaneous infusion of angiotensin II (37).

NADPH oxidase expression is particularly high in in-
flammatory cells like neutrophils and macrophages, which
are sequestered in the pancreas during the course of pan-
creatic inflammations. The sequestered enzyme generates
large amounts of superoxide (a so-called respiratory burst),
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exerting direct oxidative stress on surrounding pancreatic
cells. Thus, it is generally believed that infiltrated inflam-
matory cells are the cellular source of NADPH oxidase. How-
ever, emerging evidence suggests that nonneutrophil
NADPH oxidase is also involved in pancreatitis develop-
ment. Actually, different NADPH oxidase subunits were ex-
pressed in pancreatic acinar cells (39, 346) and PSCs (133,
198). The expression and enzymatic activity of NADPH ox-
idase was elevated in obstruction-induced pancreatitis and
caerulein-stimulated AP, respectively (39, 309). These find-
ings are in keeping with an in vitro study demonstrating that
caerulein provoked oxidase activity, which was abolished by
anti-sense oligonucleotide against p22 and p47 (347). Con-
versely, p47 expression was shown to colocalize within fi-
brotic regions in WBN/Kob rats (198). Platelet-derived
growth factor (PDGF), a potent profibrogenic factor, could
stimulate NADPH oxidase activity and diphenylene iodium
(DPI)-abolishable ROS production in isolated PSCs (198).
These findings imply that NADPH oxidase serves as an im-
portant mediator in inflammatory and fibrogenic processes
in pancreatic inflammation.

Inhibitor or gene-targeting studies have further revealed
that NADPH oxidase is closely associated with the patho-
physiology of pancreatitis. NADPH oxidase inhibition sup-
pressed caerulein-induced expression of IL-6 in vitro (346).
Secretagogue-induced activation of proinflammatory tran-
scription factor NF-�B could also be reversed by the NADPH
oxidase inhibitor DPI and antisense oligonucleotides against
p22 and p47 (346). Moreover, mice with genetic deletion of
the p47 subunit exhibited an attenuated intrapancreatic
trypsinogen activation and hyperamylasemia in caerulein-
induced AP (125). These findings suggest that NADPH oxi-
dase produces detrimental effects during AP via three dif-
ferent mechanisms: direct oxidative stress, activation of
proinflammatory cascades, and facilitation of autodigestion
of the pancreas. Conversely, p47-deficient PSCs were shown
to be unresponsive to PDGF-induced proliferation (133).

Meanwhile, apocynin, an NADPH oxidase inhibitor, dose-
dependently antagonized PDGF-induced DNA synthesis in
wild-type PSCs (198). In vivo findings also supported the sup-
position that NADPH oxidase is involved in CP pathogene-
sis. Prolonged DPI treatment was shown to inhibit morpho-
logic damage and fibrosis in the WBN/Kob rat and
DBTC-induced experimental CP animals (198). Taken to-
gether, these findings implicate NADPH oxidase as a major
culprit in the development of pancreatic inflammation.
Treatment targeting NADPH oxidase may be beneficial in
pancreatitis, possibly via inhibition of superoxide generation,
thus ceasing proinflammatory and profibrogenic gene ex-
pression. The likely mode of activation of NADPH oxidase
in both AP and CP is depicted Fig. 5.

IV. Redox-Sensitive Signaling Cascades in 
Pancreatic Inflammation

Regardless of the cellular or enzymatic source of
ROS/RNS, the redox-imbalance status established would
commonly converge on activation of proinflammatory cas-
cades and related signaling pathways. These pathways in-
volve cross-talk between phosphorylation and dephospho-
rylation processes, ubiquitination-mediated proteolysis, and
alterations in membrane permeability. In this section, the de-
tailed cellular mechanisms involving redox regulation are
discussed. In particular, the redox-sensitive pathways in-
volved in pancreatic inflammations are reviewed exten-
sively.

A. Mitogen-activated protein kinase

The mitogen-activated protein kinase (MAPK) family of
enzymes includes well-known redox-sensitive mediators
during the pathogenesis of pancreatic inflammations.
MAPKs are responsive to cytokines, growth factors, hor-
mones, and cellular stress and control numerous cellular pro-
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FIG. 5. Different stimuli or risk
factors are involved in nicoti-
namide adenine dinucleotide phos-
phate (NADPH) oxidase activation
during pancreatic inflammations.
The modes of activation include (a)
translocation of different subunits
and (b) de novo synthesis of NADPH
oxidase subunits. The resultant acti-
vation of NADPH oxidase leads to
oxidative damage, proinflammatory
and profibrogenic pathways, and in-
trapancreatic trypsinogen.
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cesses, including cytoskeleton arrangement, transcription
factor activation, apoptosis, proliferation, and differentiation
(201). The five major classes of MAPKs include p38MAPK,
extracellular-regulated kinase (ERK) 1/2, Jun N-terminal ki-
nase (JNK), ERK 3/4, and ERK 5 (201, 269). MAPK regulation
depends on dual-phosphorylation at the T-X-Y motif by up-
stream kinases known as MAPK kinases [MAPKKs, mitogen
ERK kinases (MEKs)], which in turn are activated by
MAPKK kinases (MAPKKKs, MEKKs). Activation of
MAPKs can be counteracted by dephosphorylation by phos-
phatases such as MAPK phosphatase-1 and phosphatase 2A
(85, 269). MAPK serves as a signal-cascade check point, di-
rectly controlling gene transcription by interacting with tran-
scription factors and nuclear proteins, such as c-jun and
cAMP-responsive element binding protein. The detailed hi-
erarchic regulation has been extensively reviewed elsewhere
(123, 127, 287) and is not detailed in the present article.

ROS/RNS induce MAPK activation in numerous cell
types, including cardiomyocytes, vascular smooth muscle
cells, endothelial cells, hepatocytes, T lymphocytes, and
pancreatic exocrine cells (26, 53, 62, 122, 156, 313, 336). ROS
may not interact directly with MAPKs. Oxidative stress–in-
duced ERK activation could be abolished by inhibiting the
upstream mediators MEK1 and MEK2 (172, 174), implying
that ROS targets upstream effectors of MAPKs. In addition,
oxidative stress may trigger activation of epidermal growth
factor receptor (110, 116, 134, 354) and PDGF receptor (164),
even in the absence of their ligands, directly activating the
small G protein–binding protein Ras and subsequently
leading to ERK activation. Oxygen radicals, generated by
ultraviolet (UV) light, could directly activate TNF-� re-
ceptor (TNFR) (278), leading to activation of p38MAPK
(201) and JNK (167, 181) in a TNF-�–independent fashion.
Beyond cell-surface receptors, oxidative stress could acti-
vate intracellular proteins to trigger MAPK. Src kinase, a
protein tyrosine kinase, was activated directly by ROS
(173), switching on the Ras pathway and triggering ERK
activation (152, 275). Src kinase activation also led to phos-
phorylation and activation of phospholipase C (PLC)
gamma, resulting in the release of inositol triphosphate
(IP3) and diacylglycerol (DAG) (15, 324). Enhanced release
of calcium from intracellular stores after IP3 activated ERK
in a calmodulin-dependent manner (89, 102, 113, 272). El-
evated intracellular calcium also triggered protein kinase
C (PKC) activation, turning on the Raf pathway (31), fur-
ther activating ERK (356). Furthermore, oxidative stress di-
minished counteracting phosphatase activity by protein
phosphatase (249, 332) and specific dual phosphatase (147),
thus resulting in activation of ERK (173) and JNK (147), re-
spectively.

Nitric oxide would activate Ras via nitrosylation of a cys-
tein residue, leading to ERK activation (169). RNS-induced
Ras activation not only turned on ERK signaling, but also ac-
tivated p38MAPK and JNK (168, 201). The underlying mech-
anism by which RNS induces p38MAPK activation may in-
volve the ability of RNS to nitrosylate Trx (343). Nitrosylated
Trx dissociated from apoptosis signal–regulating kinase 1
(ASK-1), leading to its activation and resulting in activation
of p38MAPK and JNK. Trx is not only subject to nitrosyla-
tion but is also easily oxidized. ROS-induced oxidation of
Trx led to dissociation of Trx from ASK-1, leading to ASK
oligomerization (followed by autophosphorylation of ASK-

1) and, subsequently, selective activation of p38MAPK and
JNK (199).

Activation of JNK could also be achieved by dissociation
of ASK-1 from the ASK-GST complex in response to oxida-
tive stress. Actually, ASK-1 is an important upstream kinase
regulating the activation of p38MA PK and JNK in response
to redox imbalance. Deletion of ASK-1 protected against
H2O2-induced activation of p38MAPK and JNK activation,
indicating that ASK-1 serves as an important mediator in
ROS-induced MAPK activation (306). Figures 6 and 7 sum-
marize how oxidative stress activates MAPKs.

Emerging evidence has implicated MAPKs in the patho-
physiology of AP. Treatment of rat pancreatic acini with
CCK can immediately induce MAPK activation in a calcium-
independent manner, as evidenced by myelin basic protein
kinase activity (85). Likewise, in vitro studies have demon-
strated that p38MAPK, JNK, and ERK1/2 were activated on
hyperstimulation with secretagogues (65, 268, 320). These in
vitro studies are supported by a number of in vivo studies in-
dicating that experimental pancreatitis led to MAPK activa-
tion. Infusion of supramaximal caerulein induced activation
of p38MAPK, JNK, and ERK1/2 in the pancreas during early
pancreatitis (65, 120, 268, 277). Moreover, it has been dem-
onstrated that JNK activity correlates with serum marker lev-
els and intrapancreatic cathepsin B activity in caerulein-
induced AP (120). Activation of MAPKs stimulates proin-
flammatory gene expression in pancreatic acinar cells.
MAPK inhibition or transfection with dominant mutant
MAPK genes abolished stress-induced cytokine expression
(27, 143), indicating that MAPK would control inflammatory
processes in pancreatic acinar cells by directing cytokine ex-
pression.

As mentioned earlier, in vitro and in vivo stimulation of
caerulein could also result in ROS generation (137, 346, 347),
thus implying a possible correlation between secretagogue-
induced ROS and MAPK activation. However, caerulein-
provoked MAPK activation, particularly of ERK1/2 and
p38MAPK, usually took place earlier than that of ROS gen-
eration (1–5 vs. 15 min, respectively) (65, 268, 346). Moreover,
CCK-induced activation of p38MAPK, JNK, and ERK1/2 in
isolated pancreatic acini was not blocked by pretreatment
with N-acetylcysteine (NAC), which is a potent antioxidant
(63). Hence, it appears unlikely that secretagogue-induced
MAPK activation could be mediated by ROS. The paradoxic
phenomenon could be explained by the propensity of PKC
to activate MAPK. Actually, the PKC inhibitors GF-109203X
or staurosporine abolished CCK-provoked ERK1/2 and JNK
activation in vitro (63, 66, 85).

Furthermore, PKC activation could activate MAPK in pan-
creatic acini, to an extent similar to CCK (65). However, it
should be emphasized that ROS from infiltrating neu-
trophils, which would not be a factor in vitro, might also be
involved in MAPK activation during the course of AP. Su-
peroxide and H2O2 generated by inflammatory cells might
activate MAPK in pancreatic acinar cells secondary to the
primary activation. Actually, treatment of isolated pancre-
atic acini with H2O2 and menadione, a strong superoxide
generator, induced activation of p38MAPK, ERK1/2, and
JNK that is comparable to CCK-induced MAPK activation
(63). NAC treatment inhibited pancreatic p38MAPK activa-
tion in biliopancreatic duct ligation models, with the con-
comitance of suppression of leukocyte TNF-� (248, 262). This
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suggests a possible linkage between leukocyte-induced ROS
and pancreatic p38MAPK activation. Further investigation
should be carried out to illustrate the role of leukocyte-de-
rived ROS in MAPK activation in AP pathogenesis.

MAPK activation also is involved in the pathogenesis of
CP. Ethanol, a well-known inducer of CP, and its metabolite
acetaldehyde, were shown to activate p38MAPK, ERK1/2,
and JNK, together with the proinflammatory transcription
factor AP-1, in rat PSCs (12, 196). The activation of MAPK
could be abolished by pretreatment with the antioxidant
NAC. More important, the acetaldehyde-induced �1(I)-pro-
collagen could be retarded by cotreatment with the
p38MAPK inhibitor SB203580, implying that p38MAPK
serves as a major regulator in relaying the signal from ac-
etaldehyde-provoked ROS to profibrogenic gene expression
(196).

Similar findings were obtained in other studies by using
external-pressure application rather than chemically induced
models of CP. Intrapancreatic pressure is elevated in CP pan-
creata (80, 93); thus, external-pressure treatment mimics the

augmented pancreatic pressure that develops during the
course of CP. Application of external pressure induced acti-
vation of p38 MAPK and ERK1/2 in rat PSCs (326). A grad-
ual decline in SOD activity and increased intracellular ROS
generation were also observed in pressure-exposed PSCs (13).
The pressure-induced activation of p38MAPK could be re-
versed by pretreatment with antioxidants, indicating that ox-
idative stress serves as an upstream activator of MAPKs (13).
Pretreatment of PSCs with a p38MAPK blocker inhibited
pressure-provoked fibrogenic gene expression and collagen
secretion (13). Moreover, treatment of PSCs with either H2O2

or 4-hydroxy-2,3-nonenal, a lipid peroxidation product, acti-
vated all three classes of MAPKs and subsequently led to pro-
collagen gene expression (155, 156). This convergence of find-
ings indicates that ROS generation activates MAPKs in PSCs,
leading to transcription of certain profibrogenic genes and
thus leading to development of pancreatic fibrosis. However,
relevant clinical studies remain scattered. More investigations
should be conducted to determine the role of ROS-activated
MAPK in CP pathogenesis.
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FIG. 6. Mechanism of redox-regulated extracel-
lular regulated kinase (ERK) activation. Oxida-
tive stress may trigger activation of epidermal
growth factor receptor (EGFR) and platelet-de-
rived growth factor (PDGF) receptor, directly ac-
tivating the small G protein–binding protein Ras
and subsequently leading to ERK activation. Re-
active oxygen species (ROS) could also activate Src
kinase to switch on the Ras pathway and trigger
ERK activation. Oxidative stress–dependent Src
activation could also directly activate phospholi-
pase C (PLC) gamma to yield inositol triphosphate
(IP3) and diacylglycerol (DAG). IP3 would bind to
the IP3 receptor in the endoplasmic reticulum, el-
evating intracellular calcium and resulting in acti-
vation of protein kinase C (PKC) and calmodulin.
These two protein kinases would eventually acti-
vate ERK via phosphorylation in its activated sites.
ROS could also inhibit protein phosphatase, re-
sulting in substantiation of ERK activation.

FIG. 7. Mechanism of redox-regulated p38 mi-
togen-activated protein kinase (p38MAPK) and
Jun N-terminal kinase (JNK) activation. Oxygen
radicals, generated by ultraviolet light, could di-
rectly activate TNF-� receptor (TNFR), leading to
activation of p38MAPK and JNK in a Ras-depen-
dent manner. Reactive oxygen species/reactive
nitrogen species (ROS/RNS) could lead to oxida-
tion/nitrosylation of thioredoxin (Trx), thus re-
sulting in dissociation from apoptosis signal–reg-
ulating kinase (ASK). Oxidative stress could also
lead to dissociation of the complex of ASK and
glutathione S-transferase (GST). Dissociated ASK
could activate itself by autophosphorylation and
subsequent phosphorylation of p38MAPK and
JNK. ROS could also inhibit specific dual phos-
phatase, resulting in substantiation of JNK acti-
vation.
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B. Nuclear factor kappa B (NF-�B)

ROS not only initiate MAPK activation, but also regulate
the potent proinflammatory transcription factor NF-�B. NF-
�B was first characterized in B cells bound to the im-
munoglobulin �-enhancer, thus giving rise its name, and was
later found to be ubiquitously expressed in numerous tis-
sues and cell types, including pancreatic exocrine cells. This
transcription factor is basically a heterodimer/ homodimer
consisting of either p65/ Rel A, Rel B, c-Rel, p105/p50, or
p100/p52. When in its resting state, it couples to its in-
hibitory counterpart, inhibitor of NF-�B (I�B). This interac-
tion prevents NF-�B from nuclear translocation by masking
its nuclear-localization sequence (NLS).

NF-�B can be activated via a “canonic” or “noncanonic”
mechanism. The classic pathway involves activation of up-
stream I�B kinase (IKK) complex, the degradation of I�B, and
translocation of free NF-�B into the nucleus. In brief, acti-
vated IKK complex phosphorylates I�B at serines 32 and 36.
The serine-phosphorylated I�B is subjected to degradation
by ubiquitin-mediated 26S proteasome, which exposes the
NLS of NF-�B, thus enabling nuclear translocation. The non-
canonic pathway involves IKK�-dependent proteolytic pro-
cessing of p100 to its activated form, p52. Many substances
can trigger the noncanonic pathway, including TNF-�,
lipopolysaccharide (270), lymphotoxin-� (74), and B cell–ac-
tivating factor (51). After binding to their corresponding re-
ceptors, these ligands trigger the phosphorylation of a spe-
cific IKK� dimer. On phosphorylation, p100 undergoes
partial proteolysis to yield the p52:RelB dimer, which di-
rectly activates NF-�B.

Activated NF-�B dimers, from both canonic and non-
canonic pathways, bind to a specific DNA motif (�B se-
quence, 5’GGG PuNNPyPyCC-3’) (Pu, purine; N, nucleotide;
Py, pyrimidine) (97) and initiate the transcription of down-
stream proinflammatory genes by recruiting a coactivator (or
removal of corepressors). The transcriptional activity of NF-
�B can be modulated by phosphorylation of the subunits in
the dimer. It has been reported that serine phosphorylation
of p65 enhanced transcriptional activity toward the �B se-
quence. Mutation of Ser 536 to Ala impairs transactivation
induced by protein kinase B activation, indicating that ad-
ditional phosphorylation and dephosphorylation processes
may fine-tune the resultant transcriptional activity of NF-�B
(188, 281, 282).

It has been long thought that oxidative stress triggers NF-
�B activation. Such activation could be because NF-�B–acti-
vating agents such as TNF-� and phorbol myristate acetate
(PMA) tend to form ROS (97, 145, 290). NF-�B could be ac-
tivated by H2O2 and other peroxides in many cell types, in-
cluding pancreatic acinar cells (97). NF-�B activation can be
blocked by antioxidants or ROS-scavenging enzymes like
SOD (97). Over the decades, however, this well-established
theory has been challenged by several studies showing in-
consistencies and contradictory results. Some cell types, such
as lymphoblastoid T cells, monocyte cell lines, and mouse
alveolar epithelial cells, did not exhibit NF-�B activation in
response to H2O2 (166, 235). Overexpression of CAT failed
to protect COS-1 cells from TNF-�–provoked NF-�B activa-
tion (292). Moreover, ROS/RNS seem to antagonize the ef-
fect of cytokines on NF-�B activation. TNF-�–induced I�B�
degradation, nuclear translocation, and �B sequence binding

were markedly retarded in the presence of H2O2 (166). It has
been suggested that oxidation of cysteine residues in the IKK
complex accounts for the inactivation of NF-�B activation by
ROS (166, 235). The p50 protein was also subjected to ox-
idative modification of cysteine residues (235). The cysteine
62 of p50 is highly reduced in the nucleus, and oxidation of
this cysteine residue impaired DNA binding with the �B se-
quence (200, 218). Many NF-�B–activating protein kinases,
including protein kinase A (PKA) and MEKK-1, can also be
oxidatively modified, possibly making them incapable of ini-
tiating NF-�B activation (235). It should be emphasized that
these phenomena have been demonstrated in vitro, in a cell
system or in purified recombinant protein. Furthermore, the
tendency of oxidative stress to activate or inhibit NF-�B de-
pends on the cell type, ROS-generating system, and proto-
col used.

Although contradiction exists, ROS have been shown to
switch on, rather than inhibit, NF-�B activation during AP
episodes. Actually, NF-�B has been implicated in the patho-
genesis of AP in both experimental and clinical settings (39,
126, 247, 248, 265, 314). The NF-�B activation took place, not
only in peripheral cells, but also within pancreatic acinar
cells (265, 314). Mice with conditional overexpression of IKK
exhibited an AP-like inflammatory response (4). Meanwhile,
knocking out NF-�B could attenuate histologic damage and
TNF-� expression in caerulein-induced AP (7). Ample in
vitro and in vivo findings support the hypothesis that ROS
promote NF-�B activation in early pancreatitis. For example,
AP induction by caerulein, taurocholate, and biliopancreatic
duct ligation triggered NF-�B activation, which could be
abolished by pretreatment with NAC (126, 248, 314). These
findings are consistent with the in vitro investigations show-
ing inhibitory effects of NAC on nuclear �B binding after hy-
perstimulation of pancreatic acinar cells and isolated pan-
creatic acini (24, 346). Similarly, PMA-primed neutrophils
were shown to promote NF-�B activation in pancreatic aci-
nar cells, and this activation could be antagonized by NAC
or SOD (157). Exogenous H2O2 also induced NF-�B activa-
tion in acinar cells, isolated acini, and pancreatic lobules (5,
88, 274), demonstrating a crucial role for ROS in NF-�B ac-
tivation. Moreover, prolonged H2O2 treatment enhanced
transcription of p105 (also known as NF-�B1) in acinar cells,
implying that chronic oxidative stress increases NF-�B ac-
tivity via de novo synthesis of the transcription factor (327).

Tyrosine phosphorylation on I�B may represent another
mechanism of ROS-induced NF-�B activation (5). H2O2 treat-
ment induced phosphorylation of I�B at Tyr42 residue, pos-
sibly through the actions of the tyrosine protein kinase p56lck

and ZAP-70 (182). The tyrosine phosphorylation of I�B may
trigger dissociation from the NF-�B homo/heterodimer and
subsequent NF-�B activation (145). Oxidative stress may also
promote phosphorylation of ataxia/telangiectasia–mutated
(ATM) protein and NF-�B essential modulator (NEMO)
modification, which in turn activate NF-�B via IKK (335).
However, it remains to be determined whether ATM/
NEMO plays a role in ROS-induced NF-�B activation in AP
pathogenesis. Figure 8 is a summary illustrating the redox
regulation of NF-�B activation.

NF-�B does not appear to play a role in CP pathogenesis.
Ethanol-sensitized PSCs exhibited oxidative stress but no 
evidence of activated NF-�B (196, 197). Cytokine-induced
matrix metalloproteinase-1 secretion in periacinar myofi-
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broblasts (i.e., activated PSCs) was not altered by NF-�B 
inhibition, indicating that the fibrogenic process is not 
associated with NF-�B activation (301). Electrophoretic mo-
bility-shift assay and luciferase assay experiments have dem-
onstrated that exogenous addition of H2O2 or 4-hydroxy-2,3-
nonenal did not cause NF-�B activation (155, 156). However,
PSCs were able to respond to acute-phase cytokines and ac-
tivate NF-�B, implying that PSCs participate in the devel-
opment of acute inflammatory responses (279).

C. Apoptotic pathways

Apoptosis is characterized by distinct cellular morphol-
ogy, membrane integrity, and selective activation of pro-
tease. Unlike necrosis, it is energy dissipating and involves
highly coordinated cellular processes triggered by intrinsic
or extrinsic factors. Intrinsic factors include mitochondria-
targeting substances activated by environmental stress, ul-
traviolet radiation, and oxidative stress. Meanwhile, extrin-
sic factors initiate apoptosis via activation of cell-surface
receptors such as TNFR and Fas (257). These two pathways
both initiate programmed cell death through mechanisms in-
volving alterations of mitochondria. The central executers of
the apoptotic pathways are Bcl-2 family proteins and cas-
pases (cysteinyl aspartic acid–specific proteases). The Bcl-2
family includes proapoptotic (e.g., Bax, Bak, Bcl-Xs) and an-
tiapoptotic (e.g., Bcl-2, Bcl-XL) members that coexist harmo-
niously at rest (257). In the presence of a death signal, the
carboxyl terminal of Bax inserts into the mitochondrial mem-
brane and triggers oligomerization with Bak (119). This in-
teraction alters mitochondrial membrane permeability
(MMP), releasing cytochrome c to cytoplasm (160, 258). An-
tiapoptotic Bcl-2 and Bcl-XL inhibit Bax activation by re-
stricting its mitochondrial translocation and hindering its ac-
cessibility to proapoptotic signals, respectively (46, 94). On
exposure to cytosol, cytochrome c interacts with apoptotic
protease-activating factor-1 to form an apoptosome, which
in turn activates procaspases that execute cell-death pro-
cesses (355). Caspases induce cell death by inhibiting DNA
replication, inactivating DNA-repairing enzymes including
poly(ADP-ribose) polymerases and topoisomerase (34, 261),
activating caspase-dependent DNase (180), and destroying
nuclear and DNA structures (187). The cells responsive to
the death signal in mitochondria-mediated apoptosis are
known as type II cells (267). It should be emphasized that
cytochrome c release is not the major upstream activator of
the caspase pathway. Actually, type I cells elicit the death
signal via mitochondria-independent pathway. Extrinsic
death signals interact with their corresponding receptors to
activate caspases in type I cells, which is independent of cy-
tochrome c release. Caspase 8, for instance, can be activated
directly by Fas or TNFR via recruitment of adaptor proteins
such as TNFR-associated death domain (TRADD) and Fas-
associated death-domain protein (FADD) (211).

As mentioned earlier, oxidative stress is an intrinsic fac-
tor that can initiate apoptosis via direct interactions with mi-
tochondria. It has been reported that H2O2 depolarized the
mitochondrial membrane (loss of �m), leading to cytochrome
c release, caspase-3 activation, and DNA fragmentation (54,
266). H2O2 -induced apoptosis appears to rely on promotion
of mitochondrial translocation of the Bax oligomer (257).
Note that cytochrome c release disrupts the electron-trans-

port chain, resulting in leakage of ROS into the cytoplasm
(44, 348). This ROS leakage produces an additional “oxida-
tive burden” on the cells, resulting in further disruption of
the mitochondrial membrane. Persistence of this vicious cy-
cle triggers apoptosis.

On top of the ROS proapoptotic influence, RNS can also
promote apoptosis. Exogenous treatment with NO or per-
oxynitrite leads to apoptotic cell death in many different
cells. Prolonged NO exposure could elevate Bax, with con-
comitant suppression of Bcl-XL and subsequent cytochrome
c release (48, 49). However, some findings suggest that RNS
can inhibit apoptosis. NO can block caspase activity by S-ni-
trosylation at cysteine in its catalytic site (202). NO can also
enhance expression of the antiapoptotic gene Bcl-2 and thus
preserve the integrity of the mitochondrial membrane (112).
Furthermore, NO can induce the expression of heat-shock
protein 70, which inhibit apoptosome formation and cy-
tochrome c release (158, 209, 260). Ultimately, the effects of
RNS may vary by cell type and be concentration dependent.
For example, a high NO concentration tends to induce apop-
tosis, whereas a physiologic dose inhibits it (48, 49).

It is noteworthy that overwhelming ROS/RNS generation
would trigger not only apoptosis but also necrotic cell death.
In case of uncontrolled oxidative stress, lipid peroxidation
takes place extensively, resulting in cellular burst and rup-
ture. The swelling of cell and organelle triggers spillage of
intracellular contents into the extracellular milieu, thus lead-
ing to necrosis (130). A polyunsaturated fatty acid such as
arachidonic acid would promote the giant DNA fragmenta-
tion and eventually induction of membrane-integrity loss.
Extensive ROS/RNS generation could also induce a direct
damage in the mitochondrial membrane, leading to deple-
tion of ATP and eventually switching apoptosis to necrosis
(130).

Although necrosis and apoptosis are very distinct cellular
processes, they are not mutually exclusive and coexist un-
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FIG. 8. Nuclear factor kappa B (NF-��B) activation by ROS
in acute pancreatic inflammation. Acute oxidative stress
triggers tyrosine phosphorylation of I�B. Prolonged expo-
sure of oxidants leads to elevated transcription of NF-�B1.
Oxidative stress could also promote NF-�B activation by a
yet-to-be defined mechanism.
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der certain conditions, such as acute pancreatic inflamma-
tion. Pancreatic acinar cells underwent both apoptosis and
necrotic cell death in different experimental AP models, in-
cluding caerulein, obstruction, and CDE diet-induced AP
(91, 146). The mechanism of AP-provoked apoptosis has yet
to be resolved, but emerging evidence has demonstrated the
involvement of oxidative stress. Supramaximal stimulation
of pancreatic acinar cells with caerulein upregulated the ex-
pression of apoptosis-inducing factor, caspase 3 activation,
and DNA fragmentation, resulting in a decrease in cell num-
ber. These effects were abolished by the NADPH oxidase in-
hibitor DPI (345, 347). Investigations using direct ROS-gen-
erating agents provide further insight into the involvement
of oxidative stress–induced apoptosis in AP pathogenesis.
Exogenous addition of H2O2 disrupted mitochondrial mem-
brane potential and induced apoptosis in pancreatic acinar
cells (88, 233). Glucose oxidase–induced oxidative stress en-
hanced the Bax/Bcl-2 ratio (proapoptotic to antiapoptotic ra-
tio) in acinar cells, leading to nuclear loss and DNA frag-
mentation (283). Menadione induced apoptosis in freshly
isolated acinar cells, as evidenced by annexin expression and
caspase activation (55). Figure 9 summarizes the regulatory
pathways of glucose oxidase and menadione-mediated ROS-
induced apoptosis. Moreover, melatonin, a potent antioxi-
dant, prevented apoptotic cell death induced by isch-
emia/reperfusion-associated pancreatitis (213). Taken
together, these findings indicate that ROS play an active role
in AP-associated apoptosis. Recent studies have shown
prominent acinar cell apoptosis in mild pancreatitis, but
more necrosis in severe pancreatitis (23, 146). Apoptosis in
acinar cells may protect against pancreatitis, possibly by in-
hibiting the inflammation associated with massive necrosis
(25). Thus, it is possible that the apoptotic pathway may
serve as a “negative-feedback” protection mechanism in
ROS-mediated cellular injury. In other words, ROS are not
necessarily detrimental, but rather may initiate apoptosis to
restrict extensive necrotic damage during acute inflamma-
tion.

The exact mechanism by which oxidative stress regulates
the apoptotic process is uncertain. However, recent studies

reveal that pancreatitis-associated protein (PAP)-1 is a key
factor in redox-regulated apoptosis during the pathogenesis
of pancreatitis. Actually, PAP-1 is strongly upregulated in
different experimental models of pancreatitis, including
caerulein-induced AP (29), taurocholate-induced AP (151),
and obstruction-induced AP (109). It is in line with the re-
sults from a clinical study indicating that the mRNA ex-
pression level of PAP-1 was enhanced in a patient with se-
vere necrohemorrhagic pancreatitis (232). Patients with AP
showed a significant elevation of serum PAP-1 levels, of
which its expression levels correlate well with the severity
of AP (151). Exogenous addition of H2O2 or menadione could
strongly induce PAP-1 gene expression in the pancreatic aci-
nar cell line (233). Induction of oxidative stress triggers the
binding of PAP-I promoter, illustrating that ROS could me-
diate its de novo synthesis (86). Overexpression of PAP-1
could inhibit ROS-induced apoptosis, directly, indicating
that PAP-1 is involved in the ROS-induced apoptotic process
during pancreatitis (233), and thus further confirming the
role of PAP in redox regulation of apoptosis during an
episode of pancreatitis.

Apoptosis in exocrine tissue has been described in DBTC-
induced CP in rats (115), WBN/Kob rats (288, 289), and CP
patients (19). It is hypothesized that injury may trigger apop-
tosis in acinar cells, which are then gradually replaced by a
fibrotic matrix secreted from activated PSCs. A clear relation
between oxidative stress and apoptosis in CP has yet to be
established. However, a recent study implicated the antiox-
idant enzyme SOD in apoptosis in CP. WBN/Kob rats de-
velop CP at 12 weeks, and SOD expression in pancreatic aci-
nar cells was found to be upregulated during the onset and
at a late stage of the disorder (288). Interestingly, the ex-
pression profile of SOD coincided with acinar cell apoptosis,
implying that SOD may serve as a defensive mechanism
against oxidative stress or proapoptotic stimulation (288).
Another investigation revealed that tocotrienol, a vitamin E
isomer, rich fraction (TRF) from palm oil triggers apoptosis
in activated PSCs, as evidenced by DNA fragmentation, cas-
pase activation, enhanced MMP, and cytochrome c release
(254). The TRF-induced apoptotic pathway is apparently spe-
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FIG. 9. Propensity of stimuli to induce ROS-
dependent apoptotic responses. Caerulein, a
ROS-generating system (such as glucose-oxidase
and menadione), and ROS itself can provoke
apoptosis in pancreatic acinar cells during pan-
creatitis.
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cific to activated PSCs, as quiescent PSCs or acinar cells did
not respond to the TRF (254). On the contrary, �-tocopherol
did not trigger apoptosis, implying that the proapoptotic re-
sponse in TRF-treated PSCs cannot be attributed to antioxi-
dant effects (probably because of the structure-specific ef-
fect). Moreover, acinar cells in the CP pancreas would
undergo apoptotic cell death via activation of the death sig-
nals Fas and FasL, independent of ROS generation (289). Ac-
tivation and proliferation of PSCs are critical in CP devel-
opment. Actually, spontaneous apoptosis took place in PSCs
under certain circumstances, which might be important for
termination of the wound-healing response after pancreas
injury. Prolonged culture of PSCs leads to the elevated ex-
pression of TNF-�–related apoptosis-inducing ligand
(TRAIL) and caspase 8 activity, implying involvement of the
extrinsic apoptotic pathway in PSCs (162). It remains unre-
solved whether CP-provoked oxidative stress plays a role in
PSC apoptosis. If so, ROS might serve as an important sig-
nal that fine-tunes the development of CP by striking a bal-
ance between apoptosis and PSC activation.

D. Cross-talk between MAPK, NF-�B, and apoptotic
pathways may occur in pancreatic inflammation

As discussed earlier, it is well documented that activation
of MAPKs, NF-�B, and apoptotic pathways depends on ox-
idative imbalance during pathogenesis of pancreatic inflam-
mations. However, little is known about which pathway is
preferentially switched on in response to increased levels of
ROS in the pancreas. The choice of a specific redox-sensitive
pathway (or dominant pathway) undertaken determines the
fate of pancreatic cells and subsequently the resultant sever-
ity of glandular injury. Activation of ERK1/2 and NF-�B fa-
vors cell survival and an inflammatory response, whereas
the apoptotic pathway leads to cell death and inhibits in-
flammation. Hence, cumulative evidence indicates that a se-
quential relation exists between the three redox-sensitive
pathways mentioned. That is, they are interrelated, rein-
forcing or suppressing one another.

The MAPK JNK triggers the proapoptotic response in
many cell types (257, 351). Activation of JNK has been shown
to result in cleavage of Bid and induce caspase-8–indepen-
dent apoptosis (76). JNK may also regulate antiapoptotic pro-
teins such as Bcl-XL and Bcl-2 (257). JNK could phosphory-
late the E3 ubiquitin ligase ITCH, which in turn leads to
ubiquitination and degradation of the caspase-8 inhibitor
FLIP (FADD-like IL-1â–converting enzyme-like inhibitory
protein), resulting in activation of the apoptotic pathway
(40). Similar to JNK, p38MAPK has been demonstrated to
play a crucial role in mediating apoptotic events under ox-
idative stress. p38MAPK is activated on exposure to
proapoptotic agents in different kinds of cells, including lung
cancer cells, prostate cancer cells, neuronal cells, vascular
smooth muscle cells, and pancreatic acinar cells (62, 231). In-
terestingly, these apoptotic effects were inhibited on treat-
ment of a specific p38MAPK inhibitor or dominant-negative
mutant, indicating that p38MAPK directly regulates apop-
tosis (45, 236, 305). The underlying mechanism may rely on
the ability of p38MAPK to phosphorylate the antiapoptotic
protein Bcl-2. Incubation of p38MAPK with Bcl-2 resulted in
cytochrome c release from isolated mitochondria (67). How-
ever, mutation of two crucial phosphorylation sites in Bcl-2

(Ser87 and Thr56) blocked this cytochrome release, indicating
that phosphorylation of Bcl-2 is crucial in p38MAPK-medi-
ated cytochrome c release (69). It is believed that phospho-
rylation of Bcl-2 induces conformational change, leading to
interference with its channel-formation properties and in-
teraction with proteins in the mitochondrial membrane, re-
sulting in change in MMP and apoptosis induction. The
phosphorylation of Bcl-2 could also impair its heterodimer-
ization with proapoptotic Bax, thus allowing more Bax to
translocate into mitochondria (128). It has also been sug-
gested that p38MAPK may phosphorylate the transcription
factor MEF-2 and subsequently cause mitochondrial depo-
larization and apoptosis via the action of orphan nuclear-re-
ceptor TR3/Nurr77 (231).

On the contrary, ROS-sensitive NF-�B apparently inhibits
the apoptotic pathway and promotes cell survival under en-
vironmental stress (351). Inhibition or deficiency of NF-�B
enhanced apoptosis in different cell types (322, 323). NF-�B
has been shown to negate the apoptotic pathway by regu-
lating the expression of antiapoptotic genes including the
caspase-3 inhibitors XIAP and FLIP (257). In addition, nu-
merous studies have indicated that the antiapoptotic effects
of NF-�B may be due to direct interaction with JNK (73, 297).
Inhibitor of JNKK2 kinase, which suppresses JNK activation,
was positively regulated by NF-�B (257). Expression of mu-
tant IKKâ resulted in elevated JNK activation (43). Moreover,
inhibition of I�B� degradation prolonged TNF-�–induced
JNK activation and its subsequent apoptotic response (140).

Like NF-�B, ERK1/2 sometimes counteracts JNK, pro-
moting cell survival. Recent studies in pancreatic acinar cells
demonstrated that ERK1/2 can directly regulate NF-�B ac-
tivity. ERK1/2 served as an upstream mediator by directly
phosphorylating the IKK complex, which subsequently acti-
vated NF-�B (178). It has also been demonstrated that ERK
is required for persistent activation of NF-�B in cultured rat
vascular smooth muscle cells (141). Inhibition of ERK re-
sulted in resistance of IL-1â–induced I�B� degradation, im-
plying that ERK is a critical player in the temporal regula-
tion of NF-�B activation (141). Conversely, proteolytic
cleavage of NF-�B1 can liberate p105-associated MAPKKK,
which can in turn activate ERK1/2 (20). Taken together, the
three ROS-sensitive pathways can interact with each other
and orchestrate the resultant cell fate under pathologic con-
ditions. However, it should be emphasized that most of this
complicated cross-talk has not been demonstrated in pan-
creatic inflammations. Further investigations are required to
determine whether the pathways exist in pancreatic exocrine
cells and play a role in the pathogenesis of pancreatic in-
flammations. Figure 10 summarizes the proposed cross-talk
between MAPK, NF-�B, and apoptosis in pancreatic inflam-
mation.

V. Therapeutic Approaches: Antioxidants, Enzyme
Inhibitors, or Upstream Mediators?

A. Antioxidant therapy in pancreatic inflammations:
translation from basic research to the clinic

Although pancreatic inflammations have been studied for
decades, no specific treatments exist for these catastrophic
disorders. Enteral as well as parenteral nutrition, antibiotic
treatment, surgical removal of necrotic tissue, and other re-
lated surgical interventions such as cholecystectomy are
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prevalent treatments for AP (189, 206). CP patients are usu-
ally treated with pain management, pancreatic supplemen-
tation, and surgical removal of pseudocysts (206). However,
these treatments are mostly passive in nature (enteral/par-
enteral nutrition), although some are invasive (surgical man-
agement). Most of the treatments target the symptoms and
complications of the diseases (e.g., sepsis, exocrine/endo-
crine insufficiency, pain) rather than the primary insults.
Thus, clinicians seek new effective medications against pan-
creatitis and hope they will work synergistically with the
prevalent therapy.

Antioxidant therapy is a promising potential candidate be-
cause its therapeutic efficacy has been demonstrated in ex-
perimental AP and CP. In a British study, patients with id-
iopathic chronic, alcoholic chronic, or idiopathic acute
pancreatitis were treated with combined antioxidants, in-
cluding organic selenium, â-carotene, vitamin C, vitamin E,
and methionine. Recurrent attacks and pancreatic pain were
significantly attenuated in the active-treatment group (310).
Another study using similar combined antioxidant therapy
reported a reduction in pancreatic pain in CP patients and
fewer hospital admissions during the year with antioxidant
treatment than they had had during the previous year (71).
A similar investigation showed that combined antioxidant
treatment was associated with significant improvements in
quality of life in terms of pain, physical and social function-
ing, and general health perception in CP patients (159). Bo-
lus intravenous administration of vitamin C (10 g/day) al-
leviated pancreatitis symptoms, enhanced the cure rate,
reduced the complications, and decreased hospital stays in
AP patients (84). A concomitant decrease in leukocyte counts
and amylase in urine and blood was found in the high-dose
vitamin C treatment group (10 g/day) compared with the
low-dose treatment group (1 g/ day), implying that an ade-
quate dose of vitamin C may attenuate the severity of clini-
cal pancreatitis.

Nevertheless, controversy concerning the effectiveness of
antioxidant treatment in clinical pancreatitis persists. In 2003,

46 consecutive AP patients were administrated a multiple
antioxidant therapy (intravenous selenium, NAC, and ascor-
bic acid plus �-carotene and �-tocopherol, delivered via na-
sogastric tube). The combined antioxidant treatment restored
plasma vitamin C and selenium levels, but did not reduce
in-hospital mortality (318). One study indicated that treat-
ment with enteral nutrition supplemented with antioxidants
(�-carotene, vitamin C, vitamin E) did not exert any protec-
tive effects on pancreatic injury, as assessed by levels of
plasma carboxypeptidase activation peptide and complica-
tions of pancreatitis (238). A double-blind, randomized,
placebo-controlled trial revealed a suppression of oxidative
stress markers with intravenous injection of combined an-
tioxidants, but failed to demonstrate any protective effects
on organ dysfunction, primary and secondary end point of
organ dysfunction, and patient outcome (280). Furthermore,
antioxidant therapy failed to prevent, prophylactically, the
onset of pancreatitis in several studies. ERCP, a well-estab-
lished approach in the diagnosis and treatment of biliary and
pancreatic diseases, has been shown to induce mild AP (98).
Prophylactic administration of a high dose of the potent 
antioxidant NAC (70 mg/kg 2 h before and 35 mg/kg at 4-
h intervals for a total of 24 h) failed to attenuate post-ERCP
pancreatitis (150). Similarly, another study revealed no pro-
tective effects of a high oral or intravenous dose of NAC in
ERCP-induced pancreatitis, as measured by serum and urine
amylase activity (204). A single dose of â-carotene, 12 h be-
fore the ERCP, also failed to protect patients from the onset
of post-ERCP pancreatitis in a double-blind study; however,
the treatment did prevent progression to severe AP (171).

It remains ambiguous whether an antioxidant alone or in
combination with the prevalent treatment exerts therapeutic
or prophylactic effects on patients with pancreatitis. In ad-
dition, the scale (number of subjects) in each investigation
mentioned earlier is relatively small (N � 10–84). Larger-
scale double-blind, randomized, placebo-controlled trials ex-
amining the efficacy of antioxidant therapy should be con-
ducted in the clinical setting.
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FIG. 10. Cross-talk between redox-sensitive sig-
nals. Jun N-terminal kinase (JNK) activation could
lead to Bid cleavage and regulate the expression of
Bcl-XL and Bcl-2. JNK could phosphorylate the E3
ubiquitin ligase ITCH, leading to degradation of the
caspase-8 inhibitor FLIP (FADD-like IL-1� convert-
ing enzyme–like inhibitory protein), resulting in 
activation of the apoptotic pathway. p38 Mitogen-ac-
tivated protein kinase (p38MAPK) could phospho-
rylate Bcl-2, thus preventing its antiapoptotic ability,
and lead to apoptosis. Conversely, nuclear factor
kappa B (NF-�B) inhibits the apoptotic pathway by
enhancement of transcription of caspase inhibitors
XIAP and FLIP. NF-�B could also inhibit apoptosis
via elevation of expression of inhibitor of JNKK2 ki-
nase, resulting in JNK inactivation and ceasing apop-
tosis. Cleavage of NF-�B positively regulates extra-
cellular regulated kinase (ERK), whereas ERK itself
could directly activate NF-�B in an IKK-dependent
manner. Note that most of the complicated cross-talk
has not been demonstrated in pancreatic exocrine
cells or during pancreatitis.
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B. Potential therapy targeting upstream mediators

Antioxidant therapy aims at removal of generated
ROS/RNS. However, a continuum of oxidative stress exists
in the pathogenesis of pancreatitis. Scavenging the generated
ROS/RNS should inhibit (or delay) oxidative damage and
activation of proinflammatory pathways instantaneously,
but this effect is not long-lasting. Hence, suppression of
ROS/RNS generation by therapeutic strategies targeting in-
hibition of ROS/RNS-generating enzymes would be more
effective against pancreatic inflammations in the long term.
However, clinical trials examining ROS-generating enzyme
inhibitors thus far have yielded marginal or unsatisfactory
results (30, 150, 255).

Recent advances in basic research have revealed that stim-
ulus or upstream signals regulating the ROS/RNS-generat-
ing enzymes might also play a role in the pathogenesis of
pancreatic inflammations, thus opening a possible new ther-
apeutic avenue against these diseases. Angiotensin II, a va-
soactive and proinflammatory peptide, has been shown to
be an upstream regulator of a number of ROS-generating en-
zymes, including xanthine oxidase (170), nitric oxide syn-
thase (242, 304), and NADPH oxidase (37, 107, 234). Inter-
estingly, our group and others have shown that angiotensin
II is involved in development of both acute and chronic pan-
creatic inflammations.

Pancreatic expression of angiotensinogen, the precursor of
angiotensin II, was upregulated in caerulein-induced and ob-
struction-induced AP (39, 308). Saralasin, a nonspecific an-
tagonist for angiotensin II receptor, could inhibit the onset
of AP, as indicated by improved pathohistology and plasma
�-amylase (137). Furthermore, specific angiotensin II type 1
receptor (AT1R) blocker, losartan, ameliorated pancreatic in-
jury induced by hyperstimulation with caerulein and ob-
struction of the biliopancreatic duct (39, 309). Moreover, can-
desartan, another AT1R antagonist, alone or in combination
with angiotensin-converting enzyme inhibitor, exerted ben-
eficial effects against CP in WBN/Kob rats, as evidenced by
attenuation in granulocyte infiltration and fibrosis (339, 340).
Knocking out AT1R resulted in an improved fibrogenic pro-
cess, blunted PSC activation, and reduction of transforming

growth factor-â expression in experimental CP animals (214).
The AT1R-blocker losartan induced cell apoptosis in a dose-
and time-dependent manner in human PSCs, but had no pro-
liferative effect in the same condition (179), indicating that
AT1-receptor antagonism can inhibit the onset of CP, at least
in part, by inducing apoptosis in PSCs. Taken together, these
findings indicate that this vasoactive peptide correlates well
with the pathogenesis of pancreatic inflammations and that
treatment with angiotensin II receptor blocker (ARB) is ben-
eficial against AP and CP.

An immediate question remains to be addressed: does an-
giotensin II elicit its deleterious effects via generation of ROS?
Actually, nonselective ARB inhibited glutathione depletion,
oxidative modification of proteins, and lipid peroxidation in
caerulein-treated rat pancreas (137). AT1R blockade attenu-
ated pancreatic NADPH oxidase in caerulein-stimulated 
animals (309). Prophylactic administration of losartan also
suppressed NADPH oxidase p67 and p22 expression in ob-
struction-induced AP animals, with the concomitance of re-
versal effects on GSH depletion and oxidative stress (39).
These findings are in good agreement with the in vitro stud-
ies. Exogenous administration of angiotensin II induced ROS
generation in isolated PSCs and exocrine pancreatic acinar
cells (198 and our unpublished data). These findings strongly
support the view that ROS is involved in angiotensin II–in-
duced proinflammatory actions in the pathogenesis of pan-
creatitis. Inhibition of angiotensin II activity may provide an
alternative for therapy targeting oxidative stress during
episodes of pancreatic inflammation, but this approach has
yet to be proven in a clinical setting. Figure 11 summarizes
the proposed mechanism(s) of angiotensin II involved in the
ROS generation in pancreatic inflammations.

VI. Concluding Remarks

In summary, oxidative stress plays a critical role in both
acute and chronic pancreatic inflammation. Generation of
ROS/RNS from numerous enzymatic systems, including
xanthine oxidase, nitric oxide synthase, CYP2E1, and
NADPH oxidase, not only directly oxidizes a wide range of
biomolecules, but also switches on several stress-activated
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FIG. 11. Potential mechanism of regulation of
redox-sensitive signals by angiotensin II during
the pathogenesis of pancreatitis. Angiotensin II
induces nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase activity, or probably xan-
thine oxidase (XOD) and nitric oxide synthase
(NOS), resulting in activation of MAPKs and NF-
�B, thus leading to proinflammatory and profi-
brogenic responses.
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pathways, including MAPKs and NF-�B, triggering proin-
flammatory actions. More important, oxidative stress is self-
amplifying, because of recruitment of ROS-generating in-
flammatory cells to the pancreas. The recruited inflammatory
cells exacerbate the oxidative burden on the glands by means
of a respiratory burst, thus leading to further insult. In cer-
tain circumstances, ROS can trigger apoptotic responses, lim-
iting extensive necrosis, and thus restricting a disastrous in-
sult in the acute phase of inflammation.

Although oxidative damage and activation of proinflam-
matory/apoptotic pathways appear to take place simulta-
neously during AP and CP, the threshold ROS/RNS levels
may differ. Activation of proinflammatory/ apoptotic path-
ways might require only a tiny amount of ROS/RNS, which
could be achieved in a restricted cellular compartment (142,
176). Conversely, oxidative damage to biomolecules proba-
bly requires extensive production of ROS/RNS that over-
whelm the defense mechanisms. The amount of ROS/RNS
required to trigger stress-activated pathways is probably far
less than that required for oxidative damage. In this context,
it is tempting to speculate that a diminutive time lag may
exist between the activation of proinflammatory pathways
and the occurrence of oxidative damage in the course of pan-
creatic inflammations (i.e., stress-induced pathways activa-
tion occurs slightly earlier than oxidative damage). Advances
in ROS-detection techniques, precise molecular biology tech-
nology, and compatibility of in vitro and in vivo systems
would definitely help resolve this issue. Understanding this
oxidative stress–related pathophysiology would help clini-
cians to determine the most appropriate therapy for target-
ing certain mediators precisely during the course of pancre-
atitis, especially for preventing the onset of surgery-induced
pancreatitis and post-ERCP pancreatitis (38, 98).

Therapeutic approaches targeting oxidative stress have
been carried out in the clinical setting; however, an effec-
tive and promising regimen has yet to be achieved. The ef-
ficacy of antioxidant therapy is limited because of its rela-
tively short-term effects on redox balance. Recent advances
in basic research indicate that blockade of angiotensin II ac-
tions may relieve oxidative stress during AP and CP patho-
genesis. However, some investigations reported that cer-
tain ARBs can induce mild AP themselves (92, 95). It should
be noted that some of the patients mentioned earlier re-
ceived a diuretic drug (hydrochlorothiazide) simultane-
ously, which might be the culprit in triggering spontaneous
AP. Moreover, other confounding influences such as smok-
ing habits, alcohol consumption, exposure to environmen-
tal toxins, and alterations in immunity should not be ne-
glected. Although it is still unclear whether ARBs could
alone trigger pancreatic inflammation, care should be taken
concerning such potential side effects. A large-population,
double-blind, randomized, and placebo-controlled clinical
trial examining ARBs and AP/CP is a must to validate the
effectiveness of ARBs in oxidative-stress management dur-
ing pancreatitis.
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PKA, protein kinase A; PKC, protein kinase C; PLC, phos-
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�, su-

peroxide; �OH�, hydroxyl free radical.

References

1. Abu-Zidan FM, Bonham MJ, and Windsor JA. Severity of
acute pancreatitis: a multivariate analysis of oxidative
stress markers and modified Glasgow criteria. Br J Surg 87:
1019–1023, 2000.

2. Acheson DW, Rose P, Houston JB, and Braganza JM. In-
duction of cytochromes P-450 in pancreatic disease: conse-
quence, coincidence or cause? Clin Chim Acta 153: 73–84,
1985.

3. Ahn SH, Seo DW, Ko YK, Sung DS, Bae GU, Yoon JW, Hong
SY, Han JW, and Lee HW. NO/cGMP pathway is involved
in exocrine secretion from rat pancreatic acinar cells. Arch
Pharm Res 21: 657–663, 1998.

4. Aleksic T, Baumann B, Wagner M, Adler G, Wirth T, and
Weber CK. Cellular immune reaction in the pancreas is in-
duced by constitutively active IkappaB kinase-2. Gut 56:
227–236, 2007.

LEUNG AND CHAN154



5. Algül H, Tando Y, Beil M, Weber CK, Von Weyhern C,
Schneider G, Adler G, and Schmid RM. Different modes of
NF-kappaB/Rel activation in pancreatic lobules. Am J Phys-
iol Gastrointest Liver Physiol 283: G270–G281, 2002.

6. Al-Mufti RA, Williamson RC, and Mathie RT. Increased ni-
tric oxide activity in a rat model of acute pancreatitis. Gut
43: 564–570, 1998.

7. Altavilla D, Famulari C, Passaniti M, Galeano M, Macrì A,
Seminara P, Minutoli L, Marini H, Calò M, Venuti FS, Es-
posito M, and Squadrito F. Attenuated cerulein-induced
pancreatitis in nuclear factor-kappaB-deficient mice. Lab In-
vest 83: 1723–1732, 2003.

8. Ammann RW and Muellhaupt B. Progression of alcoholic
acute to chronic pancreatitis. Gut 35: 552–556, 1994.

9. Andrzejewska A and Jurkowska G. Nitric oxide protects
the ultrastructure of pancreatic acinar cells in the course of
caerulein-induced acute pancreatitis. Int J Exp Pathol 80:
317–324, 1999.

10. Apte MV, Haber PS, Applegate TL, Norton ID, McCaughan
GW, Korsten MA, Pirola RC, and Wilson JS. Periacinar stel-
late shaped cells in rat pancreas: identification, isolation,
and culture. Gut 43: 128–133, 1998.

11. Apte MV, Pirola RC, and Wilson JS. Molecular mechanisms
of alcoholic pancreatitis. Dig Dis 23: 232–240, 2005.

12. Asaumi H, Watanabe S, Taguchi M, Tashiro M, Nagashio
Y, Nomiyama Y, Nakamura H, and Otsuki M. Green tea
polyphenol (�)-epigallocatechin-3-gallate inhibits ethanol-
induced activation of pancreatic stellate cells. Eur J Clin In-
vest 36: 113–122, 2006.

13. Asaumi H, Watanabe S, Taguchi M, Tashiro M, and Otsuki
M. Externally applied pressure activates pancreatic stellate
cells through the generation of intracellular reactive oxy-
gen species. Am J Physiol Gastrointest Liver Physiol 293:
G972–G978, 2007.

14. Ayub K, Serracino-Inglott F, Williamson RC, and Mathie
RT. Expression of inducible nitric oxide synthase contrib-
utes to the development of pancreatitis following pancre-
atic ischaemia and reperfusion. Br J Surg 88: 1189–1193,
2001.

15. Banan A, Fields JZ, Zhang Y, and Keshavarzian A. Phos-
pholipase C-gamma inhibition prevents EGF protection of
intestinal cytoskeleton and barrier against oxidants. Am J
Physiol Gastrointest Liver Physiol 281: G412–G423, 2001.

16. Banks PA, Hughes M, Ferrante M, Noordhoek EC, Ram-
agopal V, and Slivka A. Does allopurinol reduce pain of
chronic pancreatitis? Int J Pancreatol 22: 171–176, 1997.

17. Barlas A, Cevik H, Arbak S, Bangir D, Sener G, Yegen C,
and Yegen BC. Melatonin protects against pancreaticobil-
iary inflammation and associated remote organ injury in
rats: role of neutrophils. J Pineal Res 37: 267–275, 2004.

18. Baron J, Voigt JM, Whitter TB, Kawabata TT, Knapp SA,
Guengerich FP, and Jakoby WB. Identification of intratis-
sue sites for xenobiotic activation and detoxification. Adv
Exp Med Biol 197: 119–144, 1986.

19. Bateman AC, Turner SM, Thomas KS, McCrudden PR, Fine
DR, Johnson PA, Johnson CD, and Iredale JP. Apoptosis
and proliferation of acinar and islet cells in chronic pan-
creatitis: evidence for differential cell loss mediating preser-
vation of islet function. Gut 50: 542–548, 2002.

20. Beinke S and Ley SC. Functions of NF-kappaB1 and NF-
kappaB2 in immune cell biology. Biochem J 382: 393–409,
2004.

21. Beltrán B, Orsi A, Clementi E, and Moncada S. Oxidative
stress and S-nitrosylation of proteins in cells. Br J Pharma-
col 129: 953–960, 2000.

22. Bhat YM, Papachristou GI, Park JS, Lamb J, Slivka A, and
Whitcomb DC. Functional polymorphisms of the GSTT-1
gene do not predict the severity of acute pancreatitis in the
United States. Pancreatology 7: 180–186, 2007.

23. Bhatia M. Apoptosis of pancreatic acinar cells in acute pan-
creatitis: Is it good or bad? J Cell Mol Med 8: 402–409, 2004.

24. Bhatia M, Brady M, Kang K, Costello E, Newton DJ, Christ-
mas SE, Neoptolemos JP, and Slavin J. MCP-1 but not CINC
synthesis is increased in rat pancreatic acini in response to
cerulein hyperstimulation. Am J Physiol Gastrointest Liver
Physiol 282: G77–G85, 2002.

25. Bhatia M, Wallig MA, Hofbauer B, Lee HS, Frossard JL,
Steer ML, and Saluja AK. Induction of apoptosis in pan-
creatic acinar cells reduces the severity of acute pancreati-
tis. Biochem Biophys Res Commun 246: 476–483, 1998.

26. Blanc A, Pandey NR, and Srivastava AK. Synchronous ac-
tivation of ERK 1/2, p38mapk and PKB/Akt signaling by
H2O2 in vascular smooth muscle cells: potential involve-
ment in vascular disease. Int J Mol Med 11: 229–234, 2003.

27. Blinman TA, Gukovsky I, Mouria M, Zaninovic V, Liv-
ingston E, Pandol SJ, and Gukovskaya AS. Activation of
pancreatic acinar cells on isolation from tissue: cytokine up-
regulation via p38 MAP kinase. Am J Physiol Cell Physiol
279: C1993–C2003, 2000.

28. Bokoch GM and Knaus UG. NADPH oxidases: not just for
leukocytes anymore! Trends Biochem Sci 28: 502–508, 2003.

29. Bödeker H, Fiedler F, Keim V, Dagorn JC, and Iovanna JL.
Pancreatitis-associated protein is upregulated in mouse pan-
creas during acute pancreatitis. Digestion 59:186–191, 1998.

30. Budzyñska A, Marek T, Nowak A, Kaczor R, and
Nowakowska-Dulawa E. A prospective, randomized,
placebo-controlled trial of prednisone and allopurinol in
the prevention of ERCP-induced pancreatitis. Endoscopy 33:
766–72, 2001.

31. Buhl AM, Osawa S, and Johnson GL. Mitogen-activated
protein kinase activation requires two signal inputs from
the human anaphylotoxin C5a receptor. J Biol Chem 270:
19828–19832, 1995.

32. Burim RV, Canalle R, Martinelli Ade L, and Takahashi CS.
Polymorphisms in glutathione S-transferases GSTM1,
GSTT1 and GSTP1 and cytochromes P450 CYP2E1 and
CYP1A1 and susceptibility to cirrhosis or pancreatitis in al-
coholics. Mutagenesis 19: 291–298, 2004

33. Bülbüller N, Dogru O, Umaç H, Gürsu F, and Akpolat N.
The effects of melatonin and pentoxiphylline on L-arginine
induced acute pancreatitis. Ulus Travma Derg 11: 108–114,
2005.

34. Casciola-Rosen L, Nicholson DW, Chong T, Rowan KR,
Thornberry NA, Miller DK, and Rosen A. Apopain/CPP32
cleaves proteins that are essential for cellular repair: a fun-
damental principle of apoptotic death. J Exp Med 183:
1957–1964, 1996.

35. Cave AC, Brewer AC, Narayanapanicker A, Ray R, Grieve
DJ, Walker S, and Shah AM. NADPH oxidases in cardio-
vascular health and disease. Antioxid Redox Signal 8:
691–728, 2006.

36. Cavestro GM, Comparato G, Nouvenne A, Sereni G,
Bertolini S, Frulloni L, Dalla Valle R, Soliani P, Zanelli PF,
Sianesi M, Franzè A, and Di Mario F. Genetics of chronic
pancreatitis. J Pancreas, 13: 53–59, 2005.

37. Chabrashvili T, Kitiyakara C, Blau J, Karber A, Aslam S,
Welch WJ, and Wilcox CS. Effects of ANG II type 1 and 2
receptors on oxidative stress, renal NADPH oxidase, and
SOD expression. Am J Physiol Regul Integr Comp Physiol 285:
R117–R124, 2003.

OXIDATIVE STRESS AND PANCREATIC INFLAMMATION 155



38. Chan YC and Leung PS. Acute pancreatitis: animal mod-
els and recent advances in basic research. Pancreas 34: 1–14,
2007.

39. Chan YC and Leung PS. Angiotensin II type 1 receptor-de-
pendent nuclear factor-kappaB activation-mediated proin-
flammatory actions in a rat model of obstructive acute pan-
creatitis. J Pharmacol Exp Ther 323: 10–18, 2007.

40. Chang L, Kamata H, Solinas G, Luo JL, Maeda S,
Venuprasad K, Liu YC, and Karin M. The E3 ubiquitin lig-
ase itch couples JNK activation to TNFalpha-induced cell
death by inducing c-FLIP(L) turnover. Cell 124: 601–613,
2006.

41. Chao YC, Young TH, Tang HS, and Hsu CT. Alcoholism
and alcoholic organ damage and genetic polymorphisms
of alcohol metabolizing enzymes in Chinese patients. He-
patology 25: 112–117, 1997.

42. Chen CC, Wang SS, Tsay SH, Lee FY, Lu RH, Chang FY,
and Lee SD. Effects of nitric oxide synthase inhibitors on
retrograde bile salt-induced pancreatitis rats. J Chin Med
Assoc 67: 9–14, 2004.

43. Chen F, Lu Y, Zhang Z, Vallyathan V, Ding M, Castranova
V, and Shi X. Opposite effect of NF-kappa B and c-Jun N-
terminal kinase on p53-independent GADD45 induction by
arsenite. J Biol Chem 276: 11414–11419, 2001.

44. Chen Q and Lesnefsky EJ. Depletion of cardiolipin and cy-
tochrome c during ischemia increases hydrogen peroxide
production from the electron transport chain. Free Radic Biol
Med 40: 976–982, 2006.

45. Cheng A, Chan SL, Milhavet O, Wang S, and Mattson MP.
p38 MAP kinase mediates nitric oxide-induced apoptosis
of neural progenitor cells. J Biol Chem 276: 43320–43327,
2001.

46. Cheng EH, Wei MC, Weiler S, Flavell RA, Mak TW, Lind-
sten T, and Korsmeyer SJ. BCL-2, BCL-X(L) sequester BH3
domain-only molecules preventing BAX- and BAK-medi-
ated mitochondrial apoptosis. Mol Cell 8: 705–711, 2001.

47. Chipitsyna G, Gong Q, Gray CF, Haroon Y, Kamer E, and
Arafat HA. Induction of monocyte chemoattractant pro-
tein-1 expression by angiotensin II in the pancreatic islets
and beta-cells. Endocrinology 148: 2198–208, 2007.

48. Choi BM, Pae HO, Jang SI, Kim YM, and Chung HT. Ni-
tric oxide as a pro-apoptotic as well as anti-apoptotic mod-
ulator. J Biochem Mol Biol 35: 116–126, 2002.

49. Chung HT, Pae HO, Choi BM, Billiar TR, and Kim YM. Ni-
tric oxide as a bioregulator of apoptosis. Biochem Biophys
Res Commun 282: 1075–1079, 2001.

50. Chvanov M, Petersen OH, and Tepikin A. Free radicals and
the pancreatic acinar cells: role in physiology and pathol-
ogy. Phil Trans R Soc Lond B Biol Sci 360: 2273–2284, 2005.

51. Claudio E, Brown K, Park S, Wang H, and Siebenlist U.
BAFF-induced NEMO-independent processing of NF-
kappa B2 in maturing B cells. Nat Immunol 3: 958–965, 2002.

52. Closa D, Bulbena O, Hotter G, Roselló-Catafau J, Fernán-
dez-Cruz L, and Gelpí E. Xanthine oxidase activation in
cerulein- and taurocholate-induced acute pancreatitis in
rats. Arch Int Physiol Biochim Biophys 102: 167–170, 1994.

53. Conde de la Rosa L, Schoemaker MH, Vrenken TE,
Buist–Homan M, Havinga R, Jansen PL, and Moshage H.
Superoxide anions and hydrogen peroxide induce hepato-
cyte death by different mechanisms: involvement of JNK
and ERK MAP kinases. J Hepatol 12: 12, 2005.

54. Cook SA, Sugden PH, and Clerk A. Regulation of bcl-2 fam-
ily proteins during development and in response to ox-
idative stress in cardiac myocytes: association with changes
in mitochondrial membrane potential. Circ Res 85: 940–949,
1999.

55. Criddle DN, Gillies S, Baumgartner-Wilson HK, Jaffar M,
Chinje EC, Passmore S, Chvanov M, Barrow S, Gerasi-
menko OV, Tepikin AV, Sutton R, and Petersen OH. Mena-
dione-induced reactive oxygen species generation via re-
dox cycling promotes apoptosis of murine pancreatic
acinar cells. J Biol Chem 281: 40485–40492, 2006.

56. Cui HF and Bai ZL. Protective effects of transplanted and
mobilized bone marrow stem cells on mice with severe
acute pancreatitis. World J Gastroenterol 9: 2274–2277, 2003.

57. Cullen JJ, Mitros FA, and Oberley LW. Expression of anti-
oxidant enzymes in diseases of the human pancreas: an-
other link between chronic pancreatitis and pancreatic can-
cer. Pancreas 26: 23–27, 2003.

58. Cuzzocrea S, Mazzon E, Dugo L, Serraino I, Centorrino T,
Ciccolo A, Van de Loo FA, Britti D, Caputi AP, and
Thiemermann C. Inducible nitric oxide synthase-deficient
mice exhibit resistance to the acute pancreatitis induced by
cerulein. Shock 17: 416–422, 2002.

59. Czakó L, Hegyi P, Takács T, Góg C, Farkas A, Mándy Y,
Varga IS, Tiszlavicz L, and Lonovics J. Effects of octreotide
on acute necrotizing pancreatitis in rabbits. World J Gas-
troenterol 10: 2082–2086, 2004.

60. Czakó L, Takács T, Varga IS, Tiszlavicz L, Hai DQ, Hegyi
P, Matkovics B, and Lonovics J. Involvement of oxygen-de-
rived free radicals in L-arginine-induced acute pancreati-
tis. Dig Dis Sci 43: 1770–1777, 1998.

61. Czakó L, Takács T, Varga IS, Tiszlavicz L, Hai DQ, Hegyi
P, Matkovics B, and Lonovics J. Oxidative stress in distant
organs and the effects of allopurinol during experimental
acute pancreatitis. Int J Pancreatol 27: 209–216, 2000.

62. Dabrowski A. Exocrine pancreas; molecular basis for in-
tracellular signaling, damage and protection: Polish expe-
rience. J Physiol Pharmacol 54: 167–181, 2003.

63. Dabrowski A, Boguslowicz C, Dabrowska M, Tribillo I, and
Gabryelewicz A. Reactive oxygen species activate mitogen-
activated protein kinases in pancreatic acinar cells. Pancreas
21: 376–384, 2000.

64. Dabrowski A, Gabryelewicz A, Wereszczyñska-Siemi-
atkowska U, and Chyczewski L. Oxygen-derived free rad-
icals in cerulein-induced acute pancreatitis. Scand J Gas-
troenterol 23: 1245–1249, 1988

65. Dabrowski A, Grady T, Logsdon CD, and Williams JA. Jun
kinases are rapidly activated by cholecystokinin in rat pan-
creas both in vitro and in vivo. J Biol Chem 271: 5686–5690,
1996.

66. Dabrowski A, Groblewski GE, Schäfer C, Guan KL, and
Williams JA. Cholecystokinin and EGF activate a MAPK
cascade by different mechanisms in rat pancreatic acinar
cells. Am J Physiol 273: C1472–C1479, 1997.

67. Davis MA, Wallig MA, Eaton D, Borroz KI, and Jeffery EH.
Differential effect of cyanohydroxybutene on glutathione
synthesis in liver and pancreas of male rats. Toxicol Appl
Pharmacol 123: 257–264, 1993.

68. Dawra R, Sharif R, Phillips P, Dudeja V, Dhaulakhandi D,
and Saluja AK. Development of a new mouse model of
acute pancreatitis induced by administration of L-arginine.
Am J Physiol Gastrointest Liver Physiol 292: G1009–G1018,
2007.

69. De Chiara G, Marcocci ME, Torcia M, Lucibello M, Rosini
P, Bonini P, Higashimoto Y, Damonte G, Armirotti A,
Amodei S, Palamara AT, Russo T, Garaci E, and Cozzolino
F. Bcl-2 Phosphorylation by p38 MAPK: identification of
target sites and biologic consequences. J Biol Chem 281:
21353–21361, 2006.

70. De Keulenaer GW, Alexander RW, Ushio-Fukai M,
Ishizaka N, and Griendling KK. Tumour necrosis factor al-

LEUNG AND CHAN156



pha activates a p22phox-based NADH oxidase in vascular
smooth muscle. Biochem J 329: 653–657, 1998.

71. De las Heras Castaño G, García de la Paz A, Fernández
MD, and Fernández Forcelledo JL. Use of antioxidants to
treat pain in chronic pancreatitis. Rev Esp Enferm Dig 92:
375–385, 2000.

72. De Las Heras-Castaño G, García-Unzueta MT, Domínguez-
Diez A, Fernández-González MD, García-de la Paz AM,
Mayorga-Fernández M, and Fernández-Fernández F. Pan-
creatic fibrosis in rats and its response to antioxidant treat-
ment. J Pancreas 6: 316–324, 2005.

73. De Smaele E, Zazzeroni F, Papa S, Nguyen DU, Jin R, Jones
J, Cong R, and Franzoso G. Induction of gadd45beta by NF-
kappaB downregulates pro-apoptotic JNK signaling. Na-
ture 414: 308–313, 2001.

74. Dejardin E, Droin NM, Delhase M, Haas E, Cao Y, Makris
C, Li ZW, Karin M, Ware CF, and Green DR. The lym-
photoxin-beta receptor induces different patterns of gene
expression via two NF-kappaB pathways. Immunity 17:
525–35, 2002.

75. Dembiñski A, Warzecha Z, Ceranowicz P, Stachura J,
Tomaszewska R, Konturek SJ, Sendur R, Dembiñski M, and
Pawlik WW. Pancreatic damage and regeneration in the
course of ischemia-reperfusion induced pancreatitis in rats.
J Physiol Pharmacol 52: 221–235, 2001.

76. Deng Y, Ren X, Yang L, Lin Y, and Wu X. A JNK-depen-
dent pathway is required for TNFalpha-induced apoptosis.
Cell 115: 61–70, 2003.

77. Desai A, Huang X, and Warren JS. Intracellular glutathione
redox status modulates MCP-1 expression in pulmonary
granulomatous vasculitis. Lab Invest 79: 837–847, 1999.

78. Devenyi ZJ, Orchard JL, and Powers RE. Xanthine oxidase
activity in mouse pancreas: effects of caerulein-induced
acute pancreatitis. Biochem Biophys Res Commun 149:
841–845, 1987.

79. Di Cola D, Sacchetta P, and Battista P. Proteolysis in hu-
man erythrocytes is triggered only by selected oxidative
stressing agents. Ital J Biochem 37: 129–138, 1988.

80. Di Sebastiano P, Friess H, Di Mola FF, Innocenti P, and
Büchler MW. Mechanisms of pain in chronic pancreatitis.
Ann Ital Chir 71: 11–16, 2000.

81. Di Simplicio P, Cheeseman KH, and Slater TF. The reac-
tivity of the SH group of bovine serum albumin with free
radicals. Free Radic Res Commun 14: 253–262, 1991.

82. DiMagno MJ, Hao Y, Tsunoda Y, Williams JA, and Owyang
C. Secretagogue-stimulated pancreatic secretion is differ-
entially regulated by constitutive NOS isoforms in mice.
Am J Physiol Gastrointest Liver Physiol 286: G428–G436, 2004.

83. DiMagno MJ, Williams JA, Hao Y, Ernst SA, and Owyang
C. Endothelial nitric oxide synthase is protective in the ini-
tiation of caerulein-induced acute pancreatitis in mice. Am
J Physiol Gastrointest Liver Physiol 287: G80–G87, 2004.

84. Du WD, Yuan ZR, Sun J, Tang JX, Cheng AQ, Shen DM,
Huang CJ, Song XH, Yu XF, and Zheng SB. Therapeutic ef-
ficacy of high-dose vitamin C on acute pancreatitis and its
potential mechanisms. World J Gastroenterol 9: 2565–2569, 2003.

85. Duan RD and Williams JA. Cholecystokinin rapidly acti-
vates mitogen-activated protein kinase in rat pancreatic
acini. Am J Physiol 267: G401–G418, 1994.

86. Dusetti NJ, Vasseur S, Ortiz EM, Romeo H, Dagorn JC, Bur-
rone O, and Iovanna JL. The pancreatitis-associated protein
I promoter allows targeting to the pancreas of a foreign
gene, whose expression is up-regulated during pancreatic
inflammation. J Biol Chem 272: 5800–2504, 1997.

87. Dziurkowska-Marek A, Marek TA, Nowak A, Kacperek-
Hartleb T, Sierka E, and Nowakowska-Du�awa E. The dy-

namics of the oxidant-antioxidant balance in the early
phase of human acute biliary pancreatitis. Pancreatology 4:
215–222, 2004.

88. Ehlers RA, Hernandez A, Bloemendal LS, Ethridge RT, Far-
row B, and Evers BM. Mitochondrial DNA damage and al-
tered membrane potential (delta psi) in pancreatic acinar
cells induced by reactive oxygen species. Surgery 126:
148–155, 1999.

89. Enslen H, Tokumitsu H, Stork P, Davis R, and Soderling T.
Regulation of mitogen-activated protein kinases by a cal-
cium/calmodulin-dependent protein kinase cascade. Proc
Natl Acad Sci U S A 93: 10803–10808, 1996.

90. Es[ced]refoglu M, Gül M, Ates B, Batçioglu K, and Se-
limoglu MA. Antioxidative effect of melatonin, ascorbic
acid and N-acetylcysteine on caerulein-induced pancreati-
tis and associated liver injury in rats. World J Gastroenterol
12: 259–264, 2006.

91. Es[ced]refoglu M, Gül M, Ate° B, and Selimoglu MA. Ul-
trastructural clues for the protective effect of melatonin
against oxidative damage in cerulein-induced pancreatitis.
J Pineal Res 40: 92–97, 2006.

92. Famularo G, Minisola G, Nicotra GC, and De Simone C.
Acute pancreatitis associated with irbesartan therapy. Pan-
creas 31: 294–295, 2005.

93. Fazel A, Geenen JE, MoezArdalan K, and Catalano MF. In-
trapancreatic ductal pressure in sphincter of Oddi dys-
function. Pancreas 30:359–362, 2005.

94. Finucane DM, Bossy-Wetzel E, Waterhouse NJ, Cotter TG,
and Green DR. Bax-induced caspase activation and apop-
tosis via cytochrome c release from mitochondria is in-
hibitable by Bcl-xL. J Biol Chem 274: 2225–2233, 1999.

95. Fisher AA and Bassett ML. Acute pancreatitis associated
with angiotensin II receptor antagonists. Ann Pharmacother
36: 1883–1886, 2002.

96. Flodström M, Horwitz MS, Maday A, Balakrishna D, Ro-
driguez E, and Sarvetnick N. A critical role for inducible
nitric oxide synthase in host survival following coxsack-
ievirus B4 infection. Virology 281: 205–215, 2001.

97. Flohé L, Brigelius-Flohé R, Saliou C, Traber MG, and Packer
L. Redox regulation of NF-kappa B activation. Free Radic
Biol Med 22: 1115–1126, 1997.

98. Fogel EL, Sherman S, Devereaux BM, and Lehman GA.
Therapeutic biliary endoscopy. Endoscopy 33: 31–38, 2001.

99. Folch E, Salas A, Panés J, Gelpí E, Roselló-Catafau J, An-
derson DC, Navarro S, Piqué JM, Fernández-Cruz L, and
Closa D. Role of P-selectin and ICAM-1 in pancreatitis-in-
duced lung inflammation in rats: significance of oxidative
stress. Ann Surg 230: 792–798, 1999.

100. Folch-Puy E, Granell S, Iovanna JL, Barthet M, and Closa
D. Peroxisome proliferator-activated receptor gamma ago-
nist reduces the severity of post-ERCP pancreatitis in rats.
World J Gastroenterol 12: 6458–6463, 2006.

101. Formigari A, Irato P, and Santon A. Zinc, antioxidant sys-
tems and metallothionein in metal mediated-apoptosis:
biochemical and cytochemical aspects. Comp Biochem Phys-
iol C Toxicol Pharmacol 146:443–159, 2007.

102. Franklin RA, Atherfold PA, and McCubrey JA. Calcium in-
duced ERK activation in human T lymphocytes occurs via
p56(Lck) and CaM-kinase. Mol Immunol 37: 675–683, 2000.

103. Frederiks WM and Vreeling-Sindelárová H. Ultrastructural
localization of xanthine oxidoreductase activity in isolated
rat liver cells. Acta Histochem 104: 29–37, 2002.

104. Frenzer A, Butler WJ, Norton ID, Wilson JS, Apte MV,
Pirola RC, Ryan P, and Roberts-Thomson IC. Polymor-
phism in alcohol-metabolizing enzymes, glutathione S-
transferases and apolipoprotein E and susceptibility to al-

OXIDATIVE STRESS AND PANCREATIC INFLAMMATION 157



cohol-induced cirrhosis and chronic pancreatitis. J Gas-
troenterol Hepatol 17: 177–182, 2002.

105. Fu K, Sarras MP Jr, De Lisle RC, and Andrews GK. Ex-
pression of oxidative stress-responsive genes and cytokine
genes during caerulein-induced acute pancreatitis. Am J
Physiol 273: G696–G705, 1997.

106. Fu K, Tomita T, Sarras MP Jr, De Lisle RC, and Andrews
GK. Metallothionein protects against cerulein-induced
acute pancreatitis: analysis using transgenic mice. Pancreas
17: 238–246, 1998.

107. Fukui T, Ishizaka N, Rajagopalan S, Laursen JB, Capers Q
4th, Taylor WR, Harrison DG, de Leon H, Wilcox JN, and
Griendling KK. p22phox mRNA expression and NADPH
oxidase activity are increased in aortas from hypertensive
rats. Circ Res 80: 45–51, 1997.

108. Fulton D, Babbitt R, Zoellner S, Fontana J, Acevedo L, Mc-
Cabe TJ, Iwakiri Y, and Sessa WC. Targeting of endothe-
lial nitric-oxide synthase to the cytoplasmic face of the
Golgi complex or plasma membrane regulates Akt- versus
calcium-dependent mechanisms for nitric oxide release. J
Biol Chem 279: 30349–30357, 2004.

109. Funakoshi A, Miyasaka K, Jimi A, Nakamura E, and
Teraoka H. Changes in gene expression of pancreatitis-as-
sociated protein and pancreatic secretory trypsin inhibitors
in experimental pancreatitis produced by pancreatic duct
occlusion in rats: comparison with gene expression of
cholecystokinin and secretin. Pancreas 11:147–153, 1995.

110. Gamou S and Shimizu N. Hydrogen peroxide preferen-
tially enhances the tyrosine phosphorylation of epidermal
growth factor receptor. FEBS Lett 357: 161–164, 1995.

111. Ganesh Pai C, Sreejayan, and Rao MN. Evidence for oxi-
dant stress in chronic pancreatitis. Indian J Gastroenterol 18:
156–157, 1997.

112. Genaro AM, Hortelano S, Alvarez A, Martínez C, and Boscá
L. Splenic B lymphocyte programmed cell death is pre-
vented by nitric oxide release through mechanisms involv-
ing sustained Bcl-2 levels. J Clin Invest 95: 1884–1890, 1995.

113. Ginnan R and Singer HA. CaM kinase II-dependent acti-
vation of tyrosine kinases and ERK1/2 in vascular smooth
muscle. Am J Physiol Cell Physiol 282: C754–C761, 2002.

114. Githens S. Glutathione metabolism in the pancreas com-
pared with that in the liver, kidney, and small intestine. Int
J Pancreatol 8: 97–109, 1991.

115. Glawe C, Emmrich J, Sparmann G, and Vollmar B. In vivo
characterization of developing chronic pancreatitis in rats.
Lab Invest 85: 193–204, 2005.

116. Goldkorn T, Balaban N, Matsukuma K, Chea V, Gould R,
Last J, Chan C, and Chavez C. EGF-receptor phosphoryla-
tion and signaling are targeted by H2O2 redox stress. Am J
Respir Cell Mol Biol 19: 786–798, 1998.

117. Gómez-Cambronero LG, Sabater L, Pereda J, Cassinello N,
Camps B, Viña J, and Sastre J. Role of cytokines and ox-
idative stress in the pathophysiology of acute pancreatitis:
therapeutical implications. Curr Drug Targets Inflamm Al-
lergy 1: 393–403, 2002.

118. Gonzalez FJ. Role of cytochromes P450 in chemical toxicity
and oxidative stress: studies with CYP2E1. Mutat Res 569:
101–110, 2005.

119. Goping IS, Gross A, Lavoie JN, Nguyen M, Jemmerson R,
Roth K, Korsmeyer SJ, and Shore GC. Regulated targeting
of BAX to mitochondria. J Cell Biol 143: 207–215, 1998.

120. Grady T, Dabrowski A, Williams JA, and Logsdon CD.
Stress-activated protein kinase activation is the earliest di-
rect correlate to the induction of secretagogue-induced pan-
creatitis in rats. Biochem Biophys Res Commun 227: 1–7, 2006.

121. Griendling KK, Sorescu D, and Ushio-Fukai M. NAD(P)H
oxidase: role in cardiovascular biology and disease. Circ Res
86: 494–501, 2000.

122. Griffith CE, Zhang W, and Wange RL. ZAP-70-dependent
and -independent activation of Erk in Jurkat T cells: dif-
ferences in signaling induced by H2O2 and Cd3 crosslink-
ing. J Biol Chem 273: 10771–10776, 1998.

123. Guan KL. The mitogen activated protein kinase signal
transduction pathway: from the cell surface to the nucleus.
Cell Signal 6: 581–589, 1994.

124. Gukovskaya A and Pandol S. Nitric oxide production reg-
ulates cGMP formation and calcium influx in pancreatic
acinar cells. Am J Physiol 266: G350–G356, 1994.

125. Gukovskaya AS, Vaquero E, Zaninovic V, Gorelick FS, Lu-
sis AJ, Brennan ML, Holland S, and Pandol SJ. Neutrophils
and NADPH oxidase mediate intrapancreatic trypsin acti-
vation in murine experimental acute pancreatitis. Gas-
troenterology 122: 974–984, 2002.

126. Gukovsky I, Gukovskaya AS, Blinman TA, Zaninovic V,
and Pandol SJ. Early NF-kappaB activation is associated
with hormone-induced pancreatitis. Am J Physiol 275:
G1402–G1414, 1998.

127. Hagemann C and Blank JL. The ups and downs of MEK
kinase interactions. Cell Signal 13: 863–75, 2001.

128. Haldar S, Chintapalli J, and Croce CM. Taxol induces bcl-
2 phosphorylation and death of prostate cancer cells. Can-
cer Res 56: 1253–1255, 1996.

129. Hegyi P, Rakonczay Z Jr, Sári R, Góg C, Lonovics J, Takács
T, and Czakó L. L-arginine-induced experimental pancre-
atitis. World J Gastroenterol 10: 2003–2009, 2004.

130. Higuchi Y. Glutathione depletion-induced chromosomal
DNA fragmentation associated with apoptosis and necro-
sis. J Cell Mol Med 8: 455–64, 2004.

131. Hirano T, Manabe T, Steer M, Printz H, Calne R, and Tobe
T. Protective effects of therapy with a protease and xan-
thine oxidase inhibitor in short form pancreatic biliary ob-
struction and ischemia in rats. Surg Gynecol Obstet 176:
371–381, 1993.

132. Hotter G, Closa D, Gelpí E, Prats N, and Roselló-Catafau
J. Role of xanthine oxidase and eicosanoids in development
of pancreatic ischemia-reperfusion injury. Inflammation 19:
469–478, 1995.

133. Hu R, Wang YL, Edderkaoui M, Lugea A, Apte MV, and
Pandol SJ. Ethanol augments PDGF-induced NADPH oxi-
dase activity and proliferation in rat pancreatic stellate
cells. Pancreatology 7: 332–340, 2007.

134. Huang RP, Peng A, Golard A, Hossain MZ, Huang R, Liu
YG, and Boynton AL. Hydrogen peroxide promotes trans-
formation of rat liver non-neoplastic epithelial cells
through activation of epidermal growth factor receptor.
Mol Carcinog 30: 209–217, 2001.

135. Hwang C, Sinskey AJ, and Lodish HF. Oxidized redox state
of glutathione in the endoplasmic reticulum. Science 257:
1496–502, 1992.

136. Inoue S and Kawanishi S. Oxidative DNA damage induced
by simultaneous generation of nitric oxide and superoxide.
FEBS Lett 371: 86–88, 1995.

137. Ip SP, Tsang SW, Wong TP, Che CT, and Leung PS. Sar-
alasin, a nonspecific angiotensin II receptor antagonist, at-
tenuates oxidative stress and tissue injury in cerulein-in-
duced acute pancreatitis. Pancreas 26: 224–229, 2003.

138. Isik AT, Mas MR, Yamanel L, Aydin S, Comert B, Akay C,
Erdem G, and Mas N. The role of allopurinol in experi-
mental acute necrotizing pancreatitis. Indian J Med Res 124:
709–714, 2006.

LEUNG AND CHAN158



139. Jagnandan D, Sessa WC, and Fulton D. Intracellular loca-
tion regulates calcium-calmodulin-dependent activation of
organelle-restricted eNOS. Am J Physiol Cell Physiol 289:
C1024–C1033, 2005.

140. Javelaud D and Besançon F. NF-kappa B activation results
in rapid inactivation of JNK in TNF alpha-treated Ewing
sarcoma cells: a mechanism for the anti-apoptotic effect of
NF-kappa B. Oncogene 20: 4365–4372, 2001.

141. Jiang B, Xu S, Hou X, Pimentel DR, Brecher P, and Cohen
RA. Temporal control of NF-kappaB activation by ERK dif-
ferentially regulates interleukin-1beta-induced gene ex-
pression. J Biol Chem 279: 1323–1329, 2004.

142. Jou MJ, Jou SB, Chen HM, Lin CH, and Peng TI. Critical
role of mitochondrial reactive oxygen species formation in
visible laser irradiation-induced apoptosis in rat brain as-
trocytes (RBA-1). J Biomed Sci 9: 507–516, 2002.

143. Ju KD, Yu JH, Kim H, and Kim KH. Role of mitogen-acti-
vated protein kinases, NF-kappaB, and AP-1 on cerulein-
induced IL-8 expression in pancreatic acinar cells. Ann N
Y Acad Sci 1090: 368–374, 2006.

144. Jyotheeswaran S, Li P, Chang TM, and Chey WY. Endoge-
nous nitric oxide mediates pancreatic exocrine secretion
stimulated by secretin and cholecystokinin in rats. Pancreas
20: 401–407, 2000.

145. Kabe Y, Ando K, Hirao S, Yoshida M, and Handa H. Re-
dox regulation of NF-kappaB activation: distinct redox reg-
ulation between the cytoplasm and the nucleus. Antioxid
Redox Signal 7: 395–403, 2005.

146. Kaiser AM, Saluja AK, Sengupta A, Saluja M, and Steer ML.
Relationship between severity, necrosis, and apoptosis in
five models of experimental acute pancreatitis. Am J Phys-
iol 269: C1295–C1304, 1995.

147. Kamata H, Honda S, Maeda S, Chang L, Hirata H, and
Karin M. Reactive oxygen species promote TNFalpha in-
duced death and sustained JNK activation by inhibiting
MAP kinase phosphatases. Cell 120: 649–661, 2005.

148. Kaneto H, Katakami N, Kawamori D, Miyatsuka T,
Sakamoto K, Matsuoka TA, Matsuhisa M, and Yamasaki Y.
Involvement of oxidative stress in the pathogenesis of di-
abetes. Antioxid Redox Signal 9: 355–66, 2007.

149. Katsinelos P, Kountouras J, Chatzis J, Christodoulou K,
Paroutoglou G, Mimidis K, Beltsis A, and Zavos C. High-
dose allopurinol for prevention of post-ERCP pancreatitis:
a prospective randomized double-blind controlled trial.
Gastrointest Endosc 61: 407–415, 2005.

150. Katsinelos P, Kountouras J, Paroutoglou G, Beltsis A,
Mimidis K, and Zavos C. Intravenous N-acetylcysteine
does not prevent post-ERCP pancreatitis. Gastrointest En-
dosc 62: 105–11, 2005.

151. Keim V, Willemer S, Iovanna JL, Adler G, and Dagorn JC.
Rat pancreatitis-associated protein is expressed in relation
to severity of experimental pancreatitis. Pancreas 9: 606–612,
1994.

152. Kelicen P, Cantuti-Castelvetri I, Pekiner C, and Paulson KE.
The spin trapping agent PBN stimulates H2O2-induced Erk
and Src kinase activity in human neuroblastoma cells. Neu-
roreport 13: 1057–1061, 2002.

153. Kessova IG, DeCarli LM, and Lieber CS. Inducibility of cy-
tochromes P-4502E1 and P-4501A1 in the rat pancreas. Al-
cohol Clin Exp Res 22: 501–504, 1998.

154. Kikuchi Y, Shimosegawa T, Moriizumi S, Kimura K, Satoh
A, Koizumi M, Kato I, Epstein CJ, and Toyota T. Transgenic
copper/zinc-superoxide dismutase ameliorates caerulein-
induced pancreatitis in mice. Biochem Biophys Res Commun
233: 177–181, 1997.

155. Kikuta K, Masamune A, Satoh M, Suzuki N, Satoh K, and
Shimosegawa T. Hydrogen peroxide activates activator
protein-1 and mitogen-activated protein kinases in pan-
creatic stellate cells. Mol Cell Biochem 291: 11–20, 2006.

156. Kikuta K, Masamune A, Satoh M, Suzuki N, and Shi-
mosegawa T. 4-hydroxy-2, 3-nonenal activates activator
protein-1 and mitogen-activated protein kinases in rat pan-
creatic stellate cells. World J Gastroenterol 10: 2344–2351, 2004.

157. Kim H, Seo JY, and Kim KH. NF-kappaB and cytokines in
pancreatic acinar cells. J Korean Med Sci 15(suppl): S53–S54,
2000.

158. Kim YM, de Vera ME, Watkins SC, and Billiar TR. Nitric
oxide protects cultured rat hepatocytes from tumor necro-
sis factor-alpha-induced apoptosis by inducing heat shock
protein 70 expression. J Biol Chem 272: 1402–1411, 1997.

159. Kirk GR, White JS, McKie L, Stevenson M, Young I,
Clements WD, and Rowlands BJ. Combined antioxidant
therapy reduces pain and improves quality of life in chronic
pancreatitis. J Gastrointest Surg 10: 499–503, 2006.

160. Kirkland RA and Franklin JL. Bax, reactive oxygen, and cy-
tochrome c release in neuronal apoptosis. Antioxid Redox
Signal 5: 589–596, 2003.

161. Kishino Y and Kawamura S. Pancreatic damage induced
by injecting a large dose of arginine. Virchows Arch B Cell
Pathol Incl Mol Pathol 47: 147–155, 1984.

162. Klonowski-Stumpe H, Fischer R, Reinehr R, Lüthen R, and
Häussinger D. Apoptosis in activated rat pancreatic stel-
late cells. Am J Physiol Gastrointest Liver Physiol 283:
G819–G826, 2002.

163. Knaus UG, Heyworth PG, Evans T, Curnutte JT, and
Bokoch GM. Regulation of phagocyte oxygen radical pro-
duction by the GTP-binding protein Rac 2. Science 254:
1512–1515, 1991.

164. Knebel A, Rahmsdorf HJ, Ullrich A, and Herrlich P. De-
phosphorylation of receptor tyrosine kinases as target of
regulation by radiation, oxidants or alkylating agents.
EMBO J 15: 5314–5325, 1996.

165. Koop DR. Alcohol metabolism’s damaging effects on the
cell: a focus on reactive oxygen generation by the enzyme
cytochrome P450 2E1. Alcohol Res Health 29: 274–280, 2006.

166. Korn SH, Wouters EF, Vos N, and Janssen-Heininger YM.
Cytokine-induced activation of nuclear factor-kappa B is
inhibited by hydrogen peroxide through oxidative inacti-
vation of IkappaB kinase. J Biol Chem 276: 35693–35700,
2001.

167. Kyriakis J, Banerjee P, Nikolakaki E, Dai T, Rubie E, Ah-
mad M, Avruch J, and Woodgett J. The stress-activated pro-
tein kinase subfamily of c-Jun kinases. Nature 369: 156–160,
1994.

168. Lander HM, Jacovina AT, Davis RJ, and Tauras JM. Dif-
ferential activation of mitogen-activated protein kinases by
nitric oxide-related species. J Biol Chem 271: 19705–19709,
1996.

169. Lander HM, Milbank AJ, Tauras JM, Hajjar DP, Hempstead
BL, Schwartz GD, Kraemer RT, Mirza UA, Chait BT, Burk
SC, and Quilliam LA. Redox regulation of cell signaling.
Nature 381: 380–381, 1996.

170. Landmesser U, Spiekermann S, Preuss C, Sorrentino S, Fis-
cher D, Manes C, Mueller M, and Drexler H. Angiotensin
II induces endothelial xanthine oxidase activation: role for
endothelial dysfunction in patients with coronary disease.
Arterioscler Thromb Vasc Biol 27: 943–948, 2007.

171. Lavy A, Karban A, Suissa A, Yassin K, Hermesh I, and Ben-
Amotz A. Natural beta-carotene for the prevention of post-
ERCP pancreatitis. Pancreas 29: e45–e50, 2004.

OXIDATIVE STRESS AND PANCREATIC INFLAMMATION 159



172. Lee JS, Kim SY, Kwon CH, and Kim YK. EGFR-dependent
ERK activation triggers hydrogen peroxide-induced apop-
tosis in OK renal epithelial cells. Arch Toxicol 9: 1–10, 2005.

173. Lee K and Esselman WJ. Inhibition of PTPs by H2O2 regu-
lates the activation of distinct MAPK pathways. Free Radic
Biol Med 33: 1121–1132, 2002.

174. Lee WC, Choi CH, Cha SH, Oh HL, and Kim YK. Role of
ERK in hydrogen peroxide-induced cell death of human
glioma cells. Neurochem Res 30: 263–270, 2005.

175. Lemke M, Görl N, Berg A, Weber H, Hennighausen G, and
Merkord J. Influence of selenium treatment on the acute
toxicity of dibutyltin dichloride in rats. Pancreatology 6:
486–496, 2006.

176. Li Q, Harraz MM, Zhou W, Zhang LN, Ding W, Zhang Y,
Eggleston T, Yeaman C, Banfi B, and Engelhardt JF. Nox2
and Rac1 regulate H2O2�dependent recruitment of TRAF6
to endosomal interleukin-1 receptor complexes. Mol Cell
Biol 26: 140–154, 2006.

177. Lieber CS. Cytochrome P-4502E1: its physiological and
pathological role. Physiol Rev 77: 517–544, 1997.

178. Liu AM and Wong YH. Activation of nuclear factor
{kappa}B by somatostatin type 2 receptor in pancreatic aci-
nar AR42J cells involves G{alpha}14 and multiple signal-
ing components: a mechanism requiring protein kinase C,
calmodulin-dependent kinase II, ERK, and c-Src. J Biol
Chem 280: 34617–34625, 2005.

179. Liu WB, Wang XP, Wu K, and Zhang RL. Effects of an-
giotensin II receptor antagonist, Losartan on the apoptosis,
proliferation and migration of the human pancreatic stel-
late cells. World J Gastroenterol 11: 6489–6494, 2005.

180. Liu X, Zou H, Widlak P, Garrard W, and Wang X. Activa-
tion of the apoptotic endonuclease DFF40 (caspase-acti-
vated DNase or nuclease): oligomerization and direct in-
teraction with histone H1. J Biol Chem 274: 13836–13840,
1999.

181. Liu ZG. Adding facets to TNF signaling: the JNK angle.
Mol Cell 12: 795–796, 2003.

182. Livolsi A, Busuttil V, Imbert V, Abraham RT, and Peyron
JF. Tyrosine phosphorylation-dependent activation of NF-
kappa B: requirement for p56 LCK and ZAP-70 protein ty-
rosine kinases. Eur J Biochem 268: 1508–1515, 2001.

183. Lodi R, Tonon C, Calabrese V, and Schapira AH. Friedre-
ich’s ataxia: from disease mechanisms to therapeutic inter-
ventions. Antioxid Redox Signal 8: 438–443, 2006.

184. Loguercio C and Federico A. Oxidative stress in viral and
alcoholic hepatitis. Free Radic Biol Med 34: 1–10, 2003.

185. Lu XL, Song YH, Fu YB, Si JM, and Qian KD. Ascorbic acid
alleviates pancreatic damage induced by dibutyltin dichlo-
ride (DBTC) in rats. Yonsei Med J 48: 1028–1034, 2007.

186. Lü JX and Combs GF Jr. Excess dietary zinc decreases tis-
sue alpha-tocopherol in chicks. J Nutr 118: 1349–1359, 
1988.

187. MacFarlane M, Cain K, Sun XM, Alnemri ES, and Cohen
GM. Processing/activation of at least four interleukin-1beta
converting enzyme-like proteases occurs during the exe-
cution phase of apoptosis in human monocytic tumor cells.
J Cell Biol 137: 469–479, 1997.

188. Madrid LV, Wang CY, Guttridge DC, Schottelius AJ, Bald-
win AS Jr, and Mayo MW. Akt suppresses apoptosis by
stimulating the transactivation potential of the RelA/p65
subunit of NF-kappaB. Mol Cell Biol 20: 1626–1638, 2000.

189. Makola D, Krenitsky J, and Parrish CR. Enteral feeding in
acute and chronic pancreatitis. Gastrointest Endosc Clin
North Am 17: 747–64, 2007.

190. Malorni W, Campesi I, Straface E, Vella S, and Franconi F.
Redox features of the cell: a gender perspective. Antioxid
Redox Signal 9: 1779–1801, 2007.

191. Mannervik B, Board PG, Hayes JD, Listowsky I, and Pear-
son WR. Nomenclature for mammalian soluble glutathione
transferases. Methods Enzymol 401: 1–8, 2005.

192. Mantke R, Rocken C, Schubert D, Pross M, Sokolowski A,
Halangk W, Lippert H, and Schulz HU. Enzymatic and his-
tological alterations in the isolated perfused rat pancreas
under conditions of oxidative stress. Langenbecks Arch Surg
387: 170–176, 2002.

193. March TH, Jeffery EH, and Wallig MA. Characterization of
rat pancreatic glutathione S-transferases by chromatofo-
cusing, reverse-phase high-performance liquid chromatog-
raphy, and immunohistochemistry. Pancreas 17: 217–228,
1998.

194. Maruyama K, Takahashi H, Matsushita S, Nakano M,
Harada H, Otsuki M, Ogawa M, Suda K, Baba T, Honma
T, Moroboshi T, and Matsuno M. Genotypes of alcohol-me-
tabolizing enzymes in relation to alcoholic chronic pancre-
atitis in Japan. Alcohol Clin Exp Res 23: 85S–91S, 1999.

195. Mas MR, Isik AT, Yamanel L, Inal V, Tasci I, Deveci S, Mas
N, Comert B, and Akay C. Antioxidant treatment with tau-
rine ameliorates chronic pancreatitis in an experimental rat
model. Pancreas 33: 77–81, 2006.

196. Masamune A, Kikuta K, Satoh M, Satoh A, and Shi-
mosegawa T. Alcohol activates activator protein-1 and mi-
togen-activated protein kinases in rat pancreatic stellate
cells. J Pharmacol Exp Ther 302: 36–42, 2002.

197. Masamune A, Sakai Y, Kikuta K, Satoh M, Satoh A, and
Shimosegawa T. Activated rat pancreatic stellate cells ex-
press intercellular adhesion molecule-1 (ICAM-1) in vitro.
Pancreas 25: 78–85, 2002.

198. Masamune A, Watanabe T, Kikuta K, Satoh K, and Shi-
mosegawa T. NADPH oxidase plays a crucial role in the
activation of pancreatic stellate cells. Am J Physiol Gas-
trointest Liver Physiol 294: G99–G108, 2008.

199. Matsukawa J, Matsuzawa A, Takeda K, and Ichijo H. The
ASK1-MAP kinase cascades in mammalian stress response.
J Biochem (Tokyo) 136: 261–265, 2004.

200. Matthews JR, Wakasugi N, Virelizier JL, Yodoi J, and Hay
RT. Thioredoxin regulates the DNA binding activity of NF-
kappa B by reduction of a disulphide bond involving cys-
teine 62. Nucleic Acids Res 20: 3821–3830, 1992.

201. McCubrey JA, Lahair MM, and Franklin RA. Reactive oxy-
gen species-induced activation of the MAP kinase signal-
ing pathways. Antioxid Redox Signal 8: 1775–1789, 2006.

202. Melino G, Bernassola F, Knight RA, Corasaniti MT, Nistico
G, and Finazzi-Agro A. S-nitrosylation regulates apoptosis.
Nature 388: 432–433, 1997.

203. Meyer DJ, Coles B, Pemble SE, Gilmore KS, Fraser GM, and
Ketterer B. Theta, a new class of glutathione transferases
purified from rat and man. Biochem J 274: 409–414, 1991.

204. Milewski J, Rydzewska G, Degowska M, Kierzkiewicz M,
and Rydzewski A. N-acetylcysteine does not prevent post-
endoscopic retrograde cholangiopancreatography hyper-
amylasemia and acute pancreatitis. World J Gastroenterol 12:
3751–3755, 2006.

205. Milnerowicz H, Chmarek M, Rabczyñski J, Milnerowicz S,
Nabzdyk S, and Knast W. Immunohistochemical localiza-
tion of metallothionein in chronic pancreatitis. Pancreas
29:28–32, 2004.

206. Mitchell RM, Byrne MF, and Baillie J. Pancreatitis. Lancet
361: 1447–1455, 2003.

LEUNG AND CHAN160



207. Mizunuma T, Kawamura S, and Kishino Y. Effects of in-
jecting excess arginine on rat pancreas. J Nutr 114: 467–471,
1984.

208. Moriwaki Y, Yamamoto T, and Higashino K. Distribution
and pathophysiologic role of molybdenum-containing en-
zymes. Histol Histopathol 12: 513–524, 1997.

209. Mosser DD, Caron AW, Bourget L, Meriin AB, Sherman
MY, Morimoto RI, and Massie B. The chaperone function
of hsp70 is required for protection against stress-induced
apoptosis. Mol Cell Biol 20: 7146–7159, 2000.

210. Motoo Y, Su SB, Xie MJ, Mouri H, Taga H, and Sawabu N.
Effect of herbal medicine keishi-to (TJ-45) and its compo-
nents on rat pancreatic acinar cell injuries in vivo and in
vitro. Pancreatology 1: 102–109, 2001.

211. Muppidi JR, Tschopp J, and Siegel RM. Life and death de-
cisions: secondary complexes and lipid rafts in TNF recep-
tor family signal transduction. Immunity 21: 461–465, 2004.

212. Musil F, Zadák Z, Solichová D, Hyspler R, Kaska M,
Sobotka L, and Manák J. Dynamics of antioxidants in pa-
tients with acute pancreatitis and in patients operated on
for colorectal cancer: a clinical study. Nutrition 21: 118–124,
2005.

213. Muñoz-Casares FC, Padillo FJ, Briceño J, Collado JA,
Muñoz-Castañeda JR, Ortega R, Cruz A, Túnez I, Montilla
P, Pera C, and Muntané J. Melatonin reduces apoptosis and
necrosis induced by ischemia/reperfusion injury of the
pancreas. J Pineal Res 40: 195–203, 2006.

214. Nagashio Y, Asaumi H, Watanabe S, Nomiyama Y, Taguchi
M, Tashiro M, Sugaya T, and Otsuki M. Angiotensin II type
1 receptor interaction is an important regulator for the de-
velopment of pancreatic fibrosis in mice. Am J Physiol Gas-
trointest Liver Physiol 287: G170–G177, 2004.

215. Nam SW, Seo DW, Sung DS, Han JW, Hong SY, and Lee
HW. Nitric oxide synthase from bovine pancreas: purifica-
tion and characterization. Arch Pharm Res 21: 128–134, 1998.

216. Neuschwander-Tetri BA, Presti ME, and Wells LD. Glu-
tathione synthesis in the exocrine pancreas. Pancreas 14:
342–349, 1997.

217. Niederau C, Klonowski H, Schulz HU, Sarbia M, Lüthen
R, and Häussinger D. Oxidative injury to isolated rat pan-
creatic acinar cells vs. isolated zymogen granules. Free Radic
Biol Med 20: 877–886, 1996.

218. Nishi T, Shimizu N, Hiramoto M, Sato I, Yamaguchi Y,
Hasegawa M, Aizawa S, Tanaka H, Kataoka K, Watanabe
H, and Handa H. Spatial redox regulation of a critical cys-
teine residue of NF-kappa B in vivo. J Biol Chem 277:
44548–44556, 2002.

219. Nishino T, Okamoto K, Kawaguchi Y, Hori H, Matsumura
T, Eger BT, Pai EF, and Nishino T. Mechanism of the con-
version of xanthine dehydrogenase to xanthine oxidase:
identification of the two cysteine disulfide bonds and crys-
tal structure of a non-convertible rat liver xanthine dehy-
drogenase mutant. J Biol Chem 280: 24888–24894, 2005.

220. Nishino T, Watanabe S, Oyama H, Fukuya Y, Hayashi N,
and Kobayashi M. An endothelial nitric oxide synthase in-
hibitor aggravates CDL-induced acute pancreatitis in rats.
Pancreas 19: 390–400, 1999.

221. Nonaka A, Manabe T, Asano N, Kyogoku T, Imanishi K,
Tamura K, Tobe T, Sugiura Y, and Makino K. Direct ESR
measurement of free radicals in mouse pancreatic lesions.
Int J Pancreatol 5: 203–211, 1989.

222. Nonaka A, Manabe T, Kyogoku T, Tamura K, and Tobe T.
Changes in lipid peroxide and oxygen radical scavengers
in cerulein-induced acute pancreatitis. Imbalance between

the offense and defense systems. Digestion 47: 130–137,
1990.

223. Nonaka A, Manabe T, Tamura K, Asano N, Imanishi K, and
Tobe T. Changes of xanthine oxidase, lipid peroxide and
superoxide dismutase in mouse acute pancreatitis. Diges-
tion 43: 41–46, 1989.

224. Nordback IH and Cameron JL. The mechanism of conver-
sion of xanthine dehydrogenase to xanthine oxidase in
acute pancreatitis in the canine isolated pancreas prepara-
tion. Surgery 113: 90–97, 1993.

225. Norton ID, Apte MV, Haber PS, McCaughan GW, Pirola
RC, and Wilson JS. Cytochrome P4502E1 is present in rat
pancreas and is induced by chronic ethanol administration.
Gut 42: 426–430, 1998.

226. Oess S, Icking A, Fulton D, Govers R, and Müller-Esterl W.
Subcellular targeting and trafficking of nitric oxide syn-
thases. Biochem J 396: 401–409, 2006.

227. Ohashi K, Kim JH, Hara H, Aso R, Akimoto T, and Nakama
K. WBN/Kob rats: a new spontaneously occurring model
of chronic pancreatitis. Int J Pancreatol 6: 231–247, 1990

228. Ohashi S, Nishio A, Nakamura H, Asada M, Tamaki H,
Kawasaki K, Fukui T, Yodoi J, and Chiba T. Overexpres-
sion of redox-active protein thioredoxin-1 prevents devel-
opment of chronic pancreatitis in mice. Antioxid Redox Sig-
nal 8: 1835–1845, 2006.

229. Ohashi S, Nishio A, Nakamura H, Kido M, Kiriya K, Asada
M, Tamaki H, Fukui T, Kawasaki K, Watanabe N, Yodoi J,
Okazaki K, and Chiba T. Clinical significance of serum
thioredoxin 1 levels in patients with acute pancreatitis. Pan-
creas 32: 264–270, 2006.

230. Ohashi S, Nishio A, Nakamura H, Kido M, Ueno S, Uza N,
Inoue S, Kitamura H, Kiriya K, Asada M, Tamaki H, Mat-
suura M, Kawasaki K, Fukui T, Watanabe N, Nakase H,
Yodoi J, Okazaki K, and Chiba T. Protective roles of redox-
active protein thioredoxin-1 for severe acute pancreatitis.
Am J Physiol Gastrointest Liver Physiol 290: G772–G781, 
2006.

231. Olson JM and Hallahan AR. p38 MAP kinase: a conver-
gence point in cancer therapy. Trends Mol Med 10: 125–129,
2004.

232. Orelle B, Keim V, Masciotra L, Dagorn JC, and Iovanna JL.
Human pancreatitis-associated protein: messenger RNA
cloning and expression in pancreatic diseases. J Clin Invest
90:2284–2291, 1992.

233. Ortiz EM, Dusetti NJ, Vasseur S, Malka D, Bödeker H,
Dagorn JC, and Iovanna JL. The pancreatitis-associated
protein is induced by free radicals in AR4-2J cells and con-
fers cell resistance to apoptosis. Gastroenterology 114:
808–816, 1998.

234. Pagano PJ, Chanock SJ, Siwik DA, Colucci WS, and Clark
JK. Angiotensin II induces p67phox mRNA expression and
NADPH oxidase superoxide generation in rabbit aortic ad-
ventitial fibroblasts. Hypertension 32: 331–337, 1998.

235. Pantano C, Reynaert NL, van der Vliet A, and Janssen-
Heininger YM. Redox-sensitive kinases of the nuclear fac-
tor-kappaB signaling pathway. Antioxid Redox Signal 8:
1791–1806, 2006.

236. Park MT, Choi JA, Kim MJ, Um HD, Bae S, Kang CM, Cho
CK, Kang S, Chung HY, Lee YS, and Lee SJ. Suppression
of extracellular signal-related kinase and activation of p38
MAPK are two critical events leading to caspase-8- and mi-
tochondria-mediated cell death in phytosphingosine-
treated human cancer cells. J Biol Chem 278: 50624–50634,
2003.

OXIDATIVE STRESS AND PANCREATIC INFLAMMATION 161



237. Pastor CM and Frossard JL. Are genetically modified mice
useful for the understanding of acute pancreatitis? FASEB
J 15:893–897, 2001.

238. Pearce CB, Sadek SA, Walters AM, Goggin PM, Somers SS,
Toh SK, Johns T, and Duncan HD. A double-blind, ran-
domised, controlled trial to study the effects of an enteral
feed supplemented with glutamine, arginine, and omega-
3 fatty acid in predicted acute severe pancreatitis. J Pancreas
7: 361–371, 2006.

239. Peralta C, Bulbena O, Xaus C, Prats N, Cutrin JC, Poli G,
Gelpi E, and Roselló-Catafau J. Ischemic preconditioning:
a defense mechanism against the reactive oxygen species
generated after hepatic ischemia reperfusion. Transplanta-
tion 73: 1203–1211, 2002.

240. Pereda J, Escobar J, Sandoval J, Rodríguez JL, Sabater L,
Pallardó FV, Torres L, Franco L, Viña J, López-Rodas G,
and Sastre J. Glutamate cysteine ligase up-regulation fails
in necrotizing pancreatitis. Free Radic Biol Med 44:
1599–1609, 2008.

241. Pereda J, Sabater L, Cassinello N, Gómez-Cambronero L,
Closa D, Folch-Puy E, Aparisi L, Calvete J, Cerdá M, Lledó
S, Viña J, and Sastre J. Effect of simultaneous inhibition of
TNF-alpha production and xanthine oxidase in experi-
mental acute pancreatitis: the role of mitogen activated pro-
tein kinases. Ann Surg 240: 108–116, 2004.

242. Pueyo ME, Arnal JF, Rami J, and Michel JB. Angiotensin II
stimulates the production of NO and peroxynitrite in en-
dothelial cells. Am J Physiol 274: C214–C220, 1998.

243. Qui B, Mei QB, Ma JJ, and Korsten MA. Susceptibility to
cerulein-induced pancreatitis in inducible nitric oxide syn-
thase-deficient mice. Pancreas 23: 89–93, 2001.

244. Quilliot D, Walters E, Bonte JP, Fruchart JC, Duriez P, and
Ziegler O. Diabetes mellitus worsens antioxidant status in
patients with chronic pancreatitis. Am J Clin Nutr 81:
1117–1125, 2005.

245. Rahman SH, Ibrahim K, Larvin M, Kingsnorth A, and
McMahon MJ. Association of antioxidant enzyme gene
polymorphisms and glutathione status with severe acute
pancreatitis. Gastroenterology 126: 1312–1322, 2004.

246. Rahman SH, Nanny C, Ibrahim K, O’Reilly D, Larvin M,
Kingsnorth AJ, and McMahon MJ. Genetic polymorphisms
of GSTT1, GSTM1, GSTP1, MnSOD, and catalase in non-
hereditary chronic pancreatitis: evidence of xenobiotic
stress and impaired antioxidant capacity. Dig Dis Sci 50:
1376–1383, 2005.

247. Rakonczay Z Jr, Hegyi P, Takács T, McCarroll J, and Saluja
AK. The role of NF-kappaB activation in the pathogenesis
of acute pancreatitis. Gut 57: 259–267, 2008.

248. Ramudo L, Manso MA, Sevillano S, and de Dios I. Kinetic
study of TNF-alpha production and its regulatory mecha-
nisms in acinar cells during acute pancreatitis induced by
bile-pancreatic duct obstruction. J Pathol 206: 9–16, 2006.

249. Rao RK and Clayton LW. Regulation of protein phospha-
tase 2A by hydrogen peroxide and glutathionylation.
Biochem Biophys Res Commun 293: 610–616, 2002.

250. Rau B, Bauer A, Wang A, Gansauge F, Weidenbach H,
Nevalainen T, Poch B, Beger HG, and Nussler AK. Modu-
lation of endogenous nitric oxide synthase in experimental
acute pancreatitis: role of anti-ICAM-1 and oxygen free rad-
ical scavengers. Ann Surg 233: 195–203, 2001.

251. Rau B, Poch B, Gansauge F, Bauer A, Nüssler AK,
Nevalainen T, Schoenberg MH, and Beger HG. Patho-
physiologic role of oxygen free radicals in acute pancreati-
tis: initiating event or mediator of tissue damage? Ann Surg
231: 352–360, 2000.

252. Rezaie A, Parker RD, and Abdollahi M. Oxidative stress
and pathogenesis of inflammatory bowel disease: an
epiphenomenon or the cause? Dig Dis Sci 52: 2015–2012,
2007.

253. Rhee SG, Bae YS, Lee SR, and Kwon J. Hydrogen peroxide:
a key messenger that modulates protein phosphorylation
through cysteine oxidation. Sci STKE 2000: PE1, 2000.

254. Rickmann M, Vaquero EC, Malagelada JR, and Molero X.
Tocotrienols induce apoptosis and autophagy in rat pan-
creatic stellate cells through the mitochondrial death path-
way. Gastroenterology 132: 2518–2532, 2007.

255. Romagnuolo J, Hilsden R, Sandha GS, Cole M, Bass SY,
May G, Love J, Bain VG, McKaigney J, and Fedorak RN.
Allopurinol to prevent pancreatitis after endoscopic retro-
grade cholangiopancreatography: a randomized placebo-
controlled trial. Clin Gastroenterol Hepatol 6: 465–471, 2008.

256. Rowe JD, Nieves E, and Listowsky I. Subunit diversity and
tissue distribution of human glutathione S-transferases: in-
terpretations based on electrospray ionization-MS and pep-
tide sequence-specific antisera. Biochem J 325: 481–486, 1997.

257. Ryter SW, Kim HP, Hoetzel A, Park JW, Nakahira K, Wang
X, and Choi AM. Mechanisms of cell death in oxidative
stress. Antioxid Redox Signal 9: 49–89, 2007.

258. Saito M, Korsmeyer SJ, and Schlesinger PH. BAX-depen-
dent transport of cytochrome c reconstituted in pure lipo-
somes. Nat Cell Biol 2: 553–555, 2000.

259. Sajewicz W, Milnerowicz S, and Nabzdyk S. Blood plasma
antioxidant defense in patients with pancreatitis. Pancreas
32: 139–144, 2006.

260. Saleh A, Srinivasula SM, Balkir L, Robbins PD, and Alnemri
ES. Negative regulation of the Apaf-1 apoptosome by
Hsp70. Nat Cell Biol 2: 476–483, 2000.

261. Samejima K, Svingen PA, Basi GS, Kottke T, Mesner PW
Jr, Stewart L, Durrieu F, Poirier GG, Alnemri ES, Cham-
poux JJ, Kaufmann SH, and Earnshaw WC. Caspase-me-
diated cleavage of DNA topoisomerase I at unconventional
sites during apoptosis. J Biol Chem 274: 4335–4340, 1999.

262. Samuel I, Zaheer S, and Zaheer A. Bile-pancreatic juice ex-
clusion increases p38MAPK activation and TNF-alpha pro-
duction in ligation-induced acute pancreatitis in rats. Pan-
creatology 5: 20–6, 2005.

263. Sandstrom P, Brooke-Smith ME, Thomas AC, Grivell MB,
Saccone GT, Toouli J, and Svanvik J. Highly selective inhi-
bition of inducible nitric oxide synthase ameliorates ex-
perimental acute pancreatitis. Pancreas 30: e10–e15, 2005.

264. Sanfey H, Bulkley GB, and Cameron JL. The pathogenesis
of acute pancreatitis: the source and role of oxygen-derived
free radicals in three different experimental models. Ann
Surg 201: 633–639, 1985.

265. Satoh A, Masamune A, Kimura K, Kaneko K, Sakai Y, Ya-
magiwa T, Satoh M, Kikuta K, Asakura T, and Shi-
mosegawa T. Nuclear factor kappa B expression in pe-
ripheral blood mononuclear cells of patients with acute
pancreatitis. Pancreas 26: 350–356, 2003.

266. Satoh T, Enokido Y, Aoshima H, Uchiyama Y, and
Hatanaka H. Changes in mitochondrial membrane poten-
tial during oxidative stress-induced apoptosis in PC12 cells.
J Neurosci Res 50: 413–420, 1997.

267. Scaffidi C, Fulda S, Srinivasan A, Friesen C, Li F, Tomaselli
KJ, Debatin KM, Krammer PH, and Peter ME. Two CD95
(APO-1/Fas) signaling pathways. EMBO J 17:1675–1687,
1998.

268. Schäfer C, Ross SE, Bragado MJ, Groblewski GE, Ernst SA,
and Williams JA. A role for the p38 mitogen-activated pro-
tein kinase/Hsp 27 pathway in cholecystokinin-induced

LEUNG AND CHAN162



changes in the actin cytoskeleton in rat pancreatic acini. J
Biol Chem 273: 24173–24180, 1998.

269. Schäfer C and Williams JA. Stress kinases and heat shock
proteins in the pancreas: possible roles in normal function
and disease. J Gastroenterol 35: 1–9, 2000.

270. Scheidereit C. IkappaB kinase complexes: gateways to NF-
kappaB activation and transcription. Oncogene 25: 6685–
6705, 2006.

271. Scheuer H, Gwinner W, Hohbach J, Gröne EF, Brandes RP,
Malle E, Olbricht CJ, Walli AK, and Gröne HJ. Oxidant
stress in hyperlipidemia-induced renal damage. Am J Phys-
iol Renal Physiol 278: F63–F74, 2000.

272. Schmitt JM, Wayman GA, Nozaki N, and Soderling TR.
Calcium activation of ERK mediated by calmodulin kinase
I. J Biol Chem 279: 24064–24072, 2004.

273. Schoenberg MH, Birk D, and Beger HG. Oxidative stress
in acute and chronic pancreatitis. Am J Clin Nutr 62:
1306S–1314S, 1995.

274. Seo JY, Kim H, Seo JT, and Kim KH. Oxidative stress in-
duced cytokine production in isolated rat pancreatic acinar
cells: effects of small-molecule antioxidants. Pharmacology
64: 63–70, 2002.

275. Servitja JM, Marinissen MJ, Sodhi A, Bustelo XR, and
Gutkind JS. Rac1 function is required for Src-induced trans-
formation: evidence of a role for Tiam1 and Vav2 in Rac
activation by Src. J Biol Chem 278: 34339–34346, 2003.

276. Shah S, Iqbal M, Karam J, Salifu M, and McFarlane SI. Ox-
idative stress, glucose metabolism, and the prevention of
type 2 diabetes: pathophysiological insights. Antioxid Re-
dox Signal 9: 911–929, 2007.

277. Sharma A, Tao X, Gopal A, Ligon B, Andrade-Gordon P,
Steer ML, and Perides G. Protection against acute pancre-
atitis by activation of protease-activated receptor-2. Am J
Physiol Gastrointest Liver Physiol 288: G388–G395, 2005.

278. Sheikh MS, Antinore MJ, Huang Y, and Fornace AJ Jr. Ul-
traviolet-irradiation-induced apoptosis is mediated via li-
gand independent activation of tumor necrosis factor re-
ceptor 1. Oncogene 17: 2555–2563, 1998.

279. Shimada M, Andoh A, Hata K, Tasaki K, Araki Y, Fujiyama
Y, and Bamba T. IL-6 secretion by human pancreatic pe-
riacinar myofibroblasts in response to inflammatory medi-
ators. J Immunol 168: 861–868, 2002.

280. Siriwardena AK, Mason JM, Balachandra S, Bagul A, Gal-
loway S, Formela L, Hardman JG, and Jamdar S. Ran-
domised, double blind, placebo controlled trial of intra-
venous antioxidant (N-acetylcysteine, selenium, vitamin C)
therapy in severe acute pancreatitis. Gut 56: 1439–1444, 2007.

281. Sizemore N, Lerner N, Dombrowski N, Sakurai H, and
Stark GR. Distinct roles of the Ikappa B kinase alpha and
beta subunits in liberating nuclear factor kappa B (NF-
kappa B) from Ikappa B and in phosphorylating the p65
subunit of NF-kappa B. J Biol Chem 277: 3863–3869, 2002.

282. Sizemore N, Leung S, and Stark GR. Activation of phos-
phatidylinositol 3-kinase in response to interleukin-1 leads
to phosphorylation and activation of the NF-kappaB
p65/RelA subunit. Mol Cell Biol 19: 4798–4805, 1999.

283. Song JY, Lim JW, Kim H, Morio T, and Kim KH. Oxidative
stress induces nuclear loss of DNA repair proteins Ku70
and Ku80 and apoptosis in pancreatic acinar AR42J cells. J
Biol Chem 278: 36676–36687, 2003.

284. Stamler JS, Simon DI, Osborne JA, Mullins ME, Jaraki O,
Michel T, Singel DJ, and Loscalzo J. S-nitrosylation of pro-
teins with nitric oxide: synthesis and characterization of bi-
ologically active compounds. Proc Natl Acad Sci U S A 89:
444–448, 1992.

285. Standop J, Ulrich AB, Schneider MB, Büchler MW, and
Pour PM. Differences in the expression of xenobiotic-me-
tabolizing enzymes between islets derived from the ven-
tral and dorsal anlage of the pancreas. Pancreatology 2:
510–518, 2002.

286. Stirpe F and Della Corte E. The regulation of rat liver xan-
thine oxidase: conversion in vitro of the enzyme activity
from dehydrogenase (type D) to oxidase (type O). J Biol
Chem 244: 3855–3863, 1969.

287. Su B and Karin M. Mitogen-activated protein kinase cas-
cades and regulation of gene expression. Curr Opin Im-
munol 8: 402–411, 1996.

288. Su SB, Motoo Y, Xie MJ, Mouri H, Asayama K, and Sawabu
N. Superoxide dismutase is induced during rat pancreatic
acinar cell injury. Pancreas 24: 146–152, 2002.

289. Su SB, Motoo Y, Xie MJ, and Sawabu N. Apoptosis in rat
spontaneous chronic pancreatis: role of the Fas and Fas li-
gand system. Dig Dis Sci 46: 166–175, 2001.

290. Sulciner DJ, Irani K, Yu ZX, Ferrans VJ, Goldschmidt-Cler-
mont P, and Finkel T. rac1 Regulates a cytokine-stimulated,
redox-dependent pathway necessary for NF-kappaB acti-
vation. Mol Cell Biol 16: 7115–7121, 1996.

291. Suzuki H, Suematsu M, Miura S, Asako H, Kurose I, Ishii
H, Houzawa S, and Tsuchiya M. Xanthine oxidase-medi-
ated intracellular oxidative stress in response to cerulein in
rat pancreatic acinar cells. Pancreas 8: 465–470, 1993.

292. Suzuki YJ, Mizuno M, and Packer L. Transient overex-
pression of catalase does not inhibit TNF- or PMA-induced
NF-kappa B activation. Biochem Biophys Res Commun 210:
537–541, 1995.

293. Szabolcs A, Reiter RJ, Letoha T, Hegyi P, Papai G, Varga I,
Jarmay K, Kaszaki J, Sari R, Rakonczay Z Jr, Lonovics J,
and Takacs T. Effect of melatonin on the severity of L-argi-
nine-induced experimental acute pancreatitis in rats. World
J Gastroenterol 12: 251–258, 2006.

294. Szuster-Ciesielska A, Daniluk J, and Kandefer-Szerszeñ M.
Oxidative stress in blood of patients with alcohol-related
pancreatitis. Pancreas 22: 261–266, 2001.

295. Takács T, Czakó L, Morschl E, László F, Tiszlavicz L,
Rakonczay Z Jr, and Lonovics J. The role of nitric oxide in
edema formation in L-arginine-induced acute pancreatitis.
Pancreas 25: 277–282, 2002.

296. Takeya R and Sumimoto H. Molecular mechanism for ac-
tivation of superoxide-producing NADPH oxidases. Mol
Cells 16: 271–277, 2003.

297. Tang G, Minemoto Y, Dibling B, Purcell NH, Li Z, Karin
M, and Lin A. Inhibition of JNK activation through NF-
kappaB target genes. Nature 414: 313–317, 2001.

298. Tani S, Itoh H, Okabayashi Y, Nakamura T, Fujii M, Fuji-
sawa T, Koide M, and Otsuki M. New model of acute necro-
tizing pancreatitis induced by excessive doses of arginine
in rats. Dig Dis Sci 35: 367–374, 1990.

299. Tanioka H, Mizushima T, Shirahige A, Matsushita K, Ochi
K, Ichimura M, Matsumura N, Shinji T, Tanimoto M, and
Koide N. Xanthine oxidase-derived free radicals directly
activate rat pancreatic stellate cells. J Gastroenterol Hepatol
21: 537–544, 2006.

300. Tanjoh K, Tomita R, Izumi T, Kinoshita K, Kawahara Y,
Moriya T, and Utagawa A. The expression of the inducible
nitric oxide synthase messenger RNA on monocytes in se-
vere acute pancreatitis. Hepatogastroenterology 54: 927–931,
2007.

301. Tasaki K, Shintani Y, Saotome T, Andoh A, Fujiyama Y,
Hozawa S, and Bamba T. Pro-inflammatory cytokine-in-
duced matrix metalloproteinase-1 (MMP-1) secretion in

OXIDATIVE STRESS AND PANCREATIC INFLAMMATION 163



human pancreatic periacinar myofibroblasts. Pancreatology
3: 414–421, 2003.

302. Tasci I, Deveci S, Isik AT, Comert B, Akay C, Mas N, Inal
V, Yamanel L, and Mas MR. Allopurinol in rat chronic pan-
creatitis: effects on pancreatic stellate cell activation. Pan-
creas 35: 366–371, 2007.

303. Telek G, Regöly-Mérei J, Kovács GC, Simon L, Nagy Z,
Hamar J, and Jakab F. The first histological demonstration
of pancreatic oxidative stress in human acute pancreatitis.
Hepatogastroenterology 48: 1252–1258, 2001.

304. Tham DM, Martin-McNulty B, Wang YX, Wilson DW,
Vergona R, Sullivan ME, Dole W, and Rutledge JC. An-
giotensin II is associated with activation of NF-kappaB-me-
diated genes and downregulation of PPARs. Physiol Ge-
nomics 11: 21–30, 2002.

305. Tibbles LA and Woodgett JR. The stress-activated protein
kinase pathways. Cell Mol Life Sci 55: 1230–1254, 1999.

306. Tobiume K, Matsuzawa A, Takahashi T, Nishitoh H, Morita
K, Takeda K, Minowa O, Miyazono K, Noda T, and Ichijo
H. ASK1 is required for sustained activations of JNK/p38
MAP kinases and apoptosis. EMBO Rep 2: 222–228, 2001.

307. Toyama MT, Lewis MP, Kusske AM, Reber PU, Ashley SW,
and Reber HA. Ischaemia-reperfusion mechanisms in 
acute pancreatitis. Scand J Gastroenterol Suppl 219: 20–23,
1996.

308. Tsang SW, Cheng CH, and Leung PS. The role of the pan-
creatic renin-angiotensin system in acinar digestive en-
zyme secretion and in acute pancreatitis. Regul Pept 119:
213–219, 2004.

309. Tsang SW, Ip SP, and Leung PS. Prophylactic and thera-
peutic treatments with AT 1 and AT 2 receptor antagonists
and their effects on changes in the severity of pancreatitis.
Int J Biochem Cell Biol 36: 330–339, 2004.

310. Uden S, Bilton D, Nathan L, Hunt LP, Main C, and Bra-
ganza JM. Antioxidant therapy for recurrent pancreatitis:
placebo-controlled trial. Aliment Pharmacol Ther 4: 357–371,
1990.

311. Ueno S, Susa N, Furukawa Y, and Sugiyama M. Role of cy-
tochrome P450 in hepatotoxicity induced by di- and trib-
utyltin compounds in mice. Arch Toxicol 69: 655–658, 1995.

312. Um SH, Kwon YD, Kim CD, Lee HS, Jeen YT, Chun HJ,
Lee SW, Choi JH, Ryu HS, and Hyun JH. The role of nitric
oxide in experimental cerulein induced pancreatitis. J Ko-
rean Med Sci 18: 520–526, 2003.

313. Usatyuk PV, Vepa S, Watkins T, He D, Parinandi NL, and
Natarajan V. Redox regulation of reactive oxygen species-
induced p38 MAP kinase activation and barrier dysfunc-
tion in lung microvascular endothelial cells. Antioxid Redox
Signal 5: 723–730, 2003.

314. Vaquero E, Gukovsky I, Zaninovic V, Gukovskaya AS, and
Pandol SJ. Localized pancreatic NF-kappaB activation and
inflammatory response in taurocholate-induced pancreati-
tis. Am J Physiol Gastrointest Liver Physiol 280: G1197–G1208,
2001.

315. Verlaan M, Te Morsche RH, Roelofs HM, Laheij RJ, Jansen
JB, Peters WH, and Drenth JP. Glutathione S-transferase
Mu null genotype affords protection against alcohol in-
duced chronic pancreatitis. Am J Med Genet A 120: 34–39,
2003.

316. Verlaan M, Te Morsche RH, Roelofs HM, Laheij RJ, Jansen
JB, Peters WH, and Drenth JP. Genetic polymorphisms in
alcohol-metabolizing enzymes and chronic pancreatitis. Al-
cohol Alcohol 39: 20–24, 2004.

317. Viola G, Al-Mufti RA, Sohail M, Williamson RC, and
Mathie RT. Nitric oxide induction in a rat model of selec-

tive pancreatic ischemia and reperfusion. Hepatogastroen-
terology 47: 1250–1255, 2000.

318. Virlos IT, Mason J, Schofield D, McCloy RF, Eddleston JM,
and Siriwardena AK. Intravenous N-acetylcysteine, ascor-
bic acid and selenium-based anti-oxidant therapy in severe
acute pancreatitis. Scand J Gastroenterol 38: 1262–1267, 2003.

319. Wacke R, Kirchner A, Prall F, Nizze H, Schmidt W, Fischer
U, Nitschke FP, Adam U, Fritz P, Belloc C, and Drewelow
B. Up-regulation of cytochrome P450 1A2, 2C9, and 2E1 in
chronic pancreatitis. Pancreas 16: 521–528, 1998.

320. Wagner AC, Metzler W, Höfken T, Weber H, and Göke B.
p38 map kinase is expressed in the pancreas and is imme-
diately activated following cerulein hyperstimulation. Di-
gestion 60: 41–47, 1999.

321. Wallig MA. Xenobiotic metabolism, oxidant stress and
chronic pancreatitis. Focus on glutathione. Digestion
59(suppl 4): 13–24, 1998.

322. Wang CY, Mayo MW, and Baldwin AS Jr. TNF- and can-
cer therapy-induced apoptosis: potentiation by inhibition
of NF-kappaB. Science 274: 784–787, 1996.

323. Wang CY, Mayo MW, Korneluk RG, Goeddel DV, and
Baldwin AS Jr. NF-kappaB antiapoptosis: induction of
TRAF1 and TRAF2 and c-IAP1 and c-IAP2 to suppress cas-
pase-8 activation. Science 281: 1680–1683, 1998.

324. Wang XT, McCullough KD, Wang XJ, Carpenter G, and
Holbrook NJ. Oxidative stress-induced phospholipase C
gamma 1 activation enhances cell survival. J Biol Chem 276:
28364–28371, 2001.

325. Wang ZH, Iguchi H, Ohshio G, Imamura T, Okada N,
Tanaka T, and Imamura M. Increased pancreatic metal-
lothionein and glutathione levels: protecting against
cerulein- and taurocholate-induced acute pancreatitis in
rats. Pancreas 13:173–183, 1996.

326. Watanabe S, Nagashio Y, Asaumi H, Nomiyama Y, Taguchi
M, Tashiro M, Kihara Y, Nakamura H, and Otsuki M. Pres-
sure activates rat pancreatic stellate cells. Am J Physiol Gas-
trointest Liver Physiol 287: G1175–G1181, 2004.

327. Weber H, Hühns S, Jonas L, Sparmann G, Bastian M, and
Schuff-Werner P. Hydrogen peroxide-induced activation of
defense mechanisms against oxidative stress in rat pancre-
atic acinar AR42J cells. Free Radic Biol Med 42: 830–841, 2007.

328. Weber H, Merkord J, Jonas L, Wagner A, Schröder H, Käd-
ing U, Werner A, and Dummler W. Oxygen radical gener-
ation and acute pancreatitis: effects of dibutyltin dichlo-
ride/ethanol and ethanol on rat pancreas. Pancreas 11:
382–388, 1995.

329. Wenger FA, Kilian M, Heukamp I, Foitzik T, Jacobi CA,
Guski H, Schimke I, and Müller JM. Effects of octreotide in
acute hemorrhagic necrotizing pancreatitis in rats. J Gas-
troenterol Hepatol 22: 1872–1876, 2007.

330. Wereszczynska-Siemiatkowska U, Mroczko B, Siemi-
atkowski A, Szmitkowski M, Borawska M, and Kosel J. The
importance of interleukin 18, glutathione peroxidase, and
selenium concentration changes in acute pancreatitis. Dig
Dis Sci 49: 642–650, 2004.

331. Werner J, Fernández-del Castillo C, Rivera JA, Kollias N,
Lewandrowski KB, Rattner DW, and Warshaw AL. On the
protective mechanisms of nitric oxide in acute pancreatitis.
Gut 43: 401–407, 1998.

332. Whisler RL, Goyette MA, Grants IS, and Newhouse YG.
Sublethal levels of oxidant stress stimulate multiple ser-
ine/threonine kinases and suppress protein phosphatases
in Jurkat T cells. Arch Biochem Biophys 319: 23–35, 1995.

333. Wisner JR and Renner IG.. Allopurinol attenuates caerulein
induced acute pancreatitis in the rat. Gut 29: 926–929, 1998.

LEUNG AND CHAN164



334. Wrenn RW, Currie MG, and Herman LE. Nitric oxide par-
ticipates in the regulation of pancreatic acinar cell secre-
tion. Life Sci 55: 511–518, 1994.

335. Wuerzberger-Davis SM, Nakamura Y, Seufzer BJ, and
Miyamoto S. NF-kappaB activation by combinations of
NEMO SUMOylation and ATM activation stresses in the
absence of DNA damage. Oncogene 26: 641–651, 2007.

336. Xiao L, Pimentel DR, Wang J, Singh K, Colucci WS, and
Sawyer DB. Role of reactive oxygen species and NAD(P)H
oxidase in alpha(1)-adrenoceptor signaling in adult rat car-
diac myocytes. Am J Physiol Cell Physiol 282: C926–C934,
2002.

337. Xu X, Zeng W, Diaz J, Lau KS, Gukovskaya AC, Brown RJ,
Pandol SJ, and Muallem S. nNOS and Ca2� influx in rat
pancreatic acinar and submandibular salivary gland cells.
Cell Calcium 22: 217–228, 1997.

338. Yagci G, Gul H, Simsek A, Buyukdogan V, Onguru O, Zey-
bek N, Aydin A, Balkan M, Yildiz O, and Sen D. Beneficial
effects of N-acetylcysteine on sodium taurocholate-induced
pancreatitis in rats. J Gastroenterol 39: 268–276, 2004.

339. Yamada T, Kuno A, Masuda K, Ogawa K, Sogawa M, Naka-
mura S, Ando T, Sano H, Nakazawa T, Ohara H, Nomura
T, Joh T, and Itoh M. Candesartan, an angiotensin II re-
ceptor antagonist, suppresses pancreatic inflammation and
fibrosis in rats. J Pharmacol Exp Ther 307: 17–23, 2003

340. Yamada T, Kuno A, Ogawa K, Tang M, Masuda K, Naka-
mura S, Ando T, Okamoto T, Ohara H, Nomura T, Joh T,
Shirai T, and Itoh M. Combination therapy with an an-
giotensin-converting enzyme inhibitor and an angiotensin
II receptor blocker synergistically suppresses chronic pan-
creatitis in rats. J Pharmacol Exp Ther 313: 36–45, 2005.

341. Yan MX, Li YQ, Meng M, Ren HB, and Kou Y. Long-term
high-fat diet induces pancreatic injuries via pancreatic mi-
crocirculatory disturbances and oxidative stress in rats with
hyperlipidemia. Biochem Biophys Res Commun 347: 192–199,
2006.

342. Yang B, O’Reilly DA, Demaine AG, and Kingsnorth AN.
Study of polymorphisms in the CYP2E1 gene in patients
with alcoholic pancreatitis. Alcohol 23: 91–97, 2001.

343. Yasinska IM, Kozhukhar AV, and Sumbayev VV. S-nitro-
sation of thioredoxin in the nitrogen monoxide/superox-
ide system activates apoptosis signal-regulating kinase 1.
Arch Biochem Biophys 428: 198–203, 2004.

344. Yoo BM, Oh TY, Kim YB, Yeo M, Lee JS, Surh YJ, Ahn BO,
Kim WH, Sohn S, Kim JH, and Hahm KB. Novel antioxi-
dant ameliorates the fibrosis and inflammation of cerulein-
induced chronic pancreatitis in a mouse model. Pancreatol-
ogy 5: 165–176, 2005.

345. Yu JH, Kim KH, Kim DG, and Kim H. Diphenyleneiodo-
nium suppresses apoptosis in cerulein-stimulated pancre-
atic acinar cells. Int J Biochem Cell Biol 39: 2063–2075, 2007.

346. Yu JH, Lim JW, Kim H, and Kim KH. NADPH oxidase me-
diates interleukin-6 expression in cerulein-stimulated pan-
creatic acinar cells. Int J Biochem Cell Biol 37: 1458–1469,
2005.

347. Yu JH, Lim JW, Kim KH, Morio T, and Kim H. NADPH
oxidase and apoptosis in cerulein-stimulated pancreatic
acinar AR42J cells. Free Radic Biol Med 39: 590–602, 2005.

348. Zamzami N, Marchetti P, Castedo M, Decaudin D, Macho
A, Hirsch T, Susin SA, Petit PX, Mignotte B, and Kroemer
G. Sequential reduction of mitochondrial transmembrane
potential and generation of reactive oxygen species in early
programmed cell death. J Exp Med 182: 367–377, 1995.

349. Zaninovic V, Gukovskaya AS, Gukovsky I, Mouria M, and
Pandol SJ. Cerulein upregulates ICAM-1 in pancreatic aci-
nar cells, which mediates neutrophil adhesion to these cells.
Am J Physiol Gastrointest Liver Physiol 279: G666–G676, 2000.

350. Zeki S, Miura S, Suzuki H, Watanabe N, Adachi M,
Yokoyama H, Horie Y, Saito H, Kato S, and Ishii H. Xan-
thine oxidase-derived oxygen radicals play significant roles
in the development of chronic pancreatitis in WBN/Kob
rats. J Gastroenterol Hepatol 17: 606–616, 2005.

351. Zhang Y and Chen F. Reactive oxygen species (ROS), trou-
blemakers between nuclear factor-kappaB (NF-kappaB)
and c-Jun NH(2)-terminal kinase (JNK). Cancer Res 64:
1902–1905, 2004.

352. Zhao QL, Huang CY, Huang Y, Wang JF, and Liu J. Study
on acute pancreatitis-associated lung injury induced by L-
arginine in mice. Sichuan Da Xue Xue Bao Yi Xue Ban 35:
839–842, 2004.

353. Zhou A and Thorn NA. High ascorbic acid content in the
rat endocrine pancreas. Diabetologia 34: 839–842, 1991.

354. Zhougang S and Schnellmann RG. H2O2-induced transac-
tivation of EGF receptor requires Src and mediates ERK1/2,
but not Akt, activation in renal cells. Am J Physiol Renal
Physiol 286: F858–F865, 2004.

355. Zou H, Li Y, Liu X, and Wang X. An APAF-1.cytochrome
c multimeric complex is a functional apoptosome that ac-
tivates procaspase-9. J Biol Chem 274: 11549–11556, 1999.

356. Zou Y, Komuro I, Yamazaki T, Aikawa R, Kudoh S, Shio-
jima I, Hiroi Y, Mizuno T, and Yazaki Y. Protein kinase C,
but not tyrosine kinases or Ras, plays a critical role in an-
giotensin II-induced activation of Raf-1 kinase and extra-
cellular signal-regulated protein kinases in cardiac my-
ocytes. J Biol Chem 271: 33592–33597, 1996.

Address reprint requests to:
Po Sing Leung

Department of Physiology, Faculty of Medicine
The Chinese University of Hong Kong
Shatin, New Territorries, Hong Kong

China

E-mail: psleung@cuhk.edu.hk

Date of first submission to ARS Central, May 5, 2008; date
of final revised submission, July 9, 2008; date of acceptance,
July 9, 2008.

OXIDATIVE STRESS AND PANCREATIC INFLAMMATION 165





This article has been cited by:

1. Eva Vacas, Ana M. Bajo, Andrew V. Schally, Manuel Sánchez-Chapado, Juan C. Prieto, María J. Carmena. 2012. Antioxidant
activity of vasoactive intestinal peptide in HK2 human renal cells. Peptides . [CrossRef]

2. Papasani V. SubbaiahBiomarkers of Oxidative Stress in Plasma and Urine 555-594. [CrossRef]

3. Jin Hwan Lee, Chun San An, Bok Sun Yun, Kum Suk Kang, Young Ae Lee, Sun Mi Won, Byoung Joo Gwag, Sung Ig
Cho, Ki-Baik Hahm. 2012. Prevention effects of ND-07, a novel drug candidate with a potent antioxidative action and anti-
inflammatory action, in animal models of severe acute pancreatitis. European Journal of Pharmacology 687:1-3, 28-38.
[CrossRef]

4. Zheng-Gang Luan, Xiao-Chun Ma, Hao Zhang, Cheng Zhang, Ren-Xuan Guo. 2012. Protective effect of ethyl pyruvate on
pancreas injury in rats with severe acute pancreatitis. Journal of Surgical Research . [CrossRef]

5. Oleg V. Gerasimenko, Julia V. Gerasimenko. 2012. Mitochondrial function and malfunction in the pathophysiology of
pancreatitis. Pflügers Archiv - European Journal of Physiology . [CrossRef]

6. Mara Fiorani, Catia Azzolini, Liana Cerioni, Andrea Guidarelli, Orazio Cantoni. 2012. Superoxide dictates the mode of U937
cell ascorbic acid uptake and prevents the enhancing effects of the vitamin to otherwise nontoxic levels of reactive oxygen/
nitrogen species. The Journal of Nutritional Biochemistry . [CrossRef]

7. Tao Yang, Junjie Zhang, Lulu Sun, Xiaoyan Zhu, Jinbao Li, Jiafeng Wang, Hui Chen, Rui Bao, Xiaoming Deng, Jiong
Hou, Yujian Liu. 2012. Combined effects of a neutrophil elastase inhibitor (sivelestat sodium) and a free radical scavenger
(edaravone) on lipopolysaccharide-induced acute lung injury in rats. Inflammation Research . [CrossRef]

8. Tyler Stevens, Michael P. Berk, Rocio Lopez, Yoon-Mi Chung, Renliang Zhang, Mansour A. Parsi, Mary P. Bronner, Ariel
E. Feldstein. 2012. Lipidomic Profiling of Serum and Pancreatic Fluid in Chronic Pancreatitis. Pancreas 1. [CrossRef]

9. Ming-Xian Yan, Hong-Bo Ren, Yi Kou, Min Meng, Yan-Qing Li. 2012. Involvement of Nuclear Factor Kappa B in High-
Fat Diet-Related Pancreatic Fibrosis in Rats. Gut and Liver 6:3, 381. [CrossRef]

10. Ilya Gukovsky , Stephen J. Pandol , Anna S. Gukovskaya . 2011. Organellar Dysfunction in the Pathogenesis of Pancreatitis.
Antioxidants & Redox Signaling 15:10, 2699-2710. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

11. Thilo Hackert , Jens Werner . 2011. Antioxidant Therapy in Acute Pancreatitis: Experimental and Clinical Evidence.
Antioxidants & Redox Signaling 15:10, 2767-2777. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

12. Yuk Cheung Chan , Po Sing Leung . 2011. The Renin–Angiotensin System and Reactive Oxygen Species: Implications in
Pancreatitis. Antioxidants & Redox Signaling 15:10, 2743-2755. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text
PDF with Links]

13. Javier Escobar, Javier Pereda, Gerardo López-Rodas, Juan Sastre. 2011. Redox signaling and histone acetylation in acute
pancreatitis. Free Radical Biology and Medicine . [CrossRef]

14. Javier Escobar, Javier Pereda, Alessandro Arduini, Juan Sandoval, Mari Luz Moreno, Salvador Pérez, Luis Sabater,
Luis Aparisi, Norberto Cassinello, Juan Hidalgo, Leo A.B. Joosten, Máximo Vento, Gerardo López-Rodas, Juan Sastre.
2011. Oxidative and nitrosative stress in acute pancreatitis. Modulation by pentoxifylline and oxypurinol. Biochemical
Pharmacology . [CrossRef]

15. Nao Fujimori, Takamasa Oono, Hisato Igarashi, Tetsuhide Ito, Taichi Nakamura, Masahiko Uchida, David H. Coy, Robert
T. Jensen, Ryoichi Takayanagi. 2011. Vasoactive intestinal peptide reduces oxidative stress in pancreatic acinar cells through
the inhibition of NADPH oxidase. Peptides . [CrossRef]

16. Caroline M. Melo, Talita C. Morais, Adriana R. Tomé, Gerly Anne C. Brito, Mariana H. Chaves, Vietla S. Rao, Flávia A.
Santos. 2011. Anti-inflammatory effect of #,#-amyrin, a triterpene from Protium heptaphyllum, on cerulein-induced acute
pancreatitis in mice. Inflammation Research 60:7, 673-681. [CrossRef]

17. Mehmet Sait Bugdaci, Mehmet Sokmen, Sayid Shafi Zuhur, Yüksel Altuntas. 2011. Lipid Profile Changes and Importance
of Low Serum #-Lipoprotein Fraction (High-Density Lipoprotein) in Cases With Acute Pancreatitis. Pancreas 1. [CrossRef]

18. Weiwei Yang, Jia Zhang, Haiya Wang, Pingjin Gao, Manpreet Singh, Kai Shen, Ningyuan Fang. 2011. Angiotensin II
downregulates catalase expression and activity in vascular adventitial fibroblasts through an AT1R/ERK1/2-dependent
pathway. Molecular and Cellular Biochemistry . [CrossRef]

19. Zhiqiang Zhang, Yanqing Wang, Ming Dong, Jianchun Cui, Daqing Rong, Qi Dong. 2011. Oxymatrine Ameliorates l-
Arginine-Induced Acute Pancreatitis in Rats. Inflammation . [CrossRef]

http://dx.doi.org/10.1016/j.peptides.2012.09.011
http://dx.doi.org/10.1002/9781118271858.ch20
http://dx.doi.org/10.1016/j.ejphar.2012.04.048
http://dx.doi.org/10.1016/j.jss.2012.05.066
http://dx.doi.org/10.1007/s00424-012-1117-8
http://dx.doi.org/10.1016/j.jnutbio.2012.01.009
http://dx.doi.org/10.1007/s00011-012-0445-7
http://dx.doi.org/10.1097/MPA.0b013e31823ca306
http://dx.doi.org/10.5009/gnl.2012.6.3.381
http://dx.doi.org/10.1089/ars.2011.4068
http://online.liebertpub.com/doi/full/10.1089/ars.2011.4068
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4068
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4068
http://dx.doi.org/10.1089/ars.2011.4076
http://online.liebertpub.com/doi/full/10.1089/ars.2011.4076
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4076
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4076
http://dx.doi.org/10.1089/ars.2011.4071
http://online.liebertpub.com/doi/full/10.1089/ars.2011.4071
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4071
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4071
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4071
http://dx.doi.org/10.1016/j.freeradbiomed.2011.11.009
http://dx.doi.org/10.1016/j.bcp.2011.09.028
http://dx.doi.org/10.1016/j.peptides.2011.08.027
http://dx.doi.org/10.1007/s00011-011-0321-x
http://dx.doi.org/10.1097/MPA.0b013e3182211bbf
http://dx.doi.org/10.1007/s11010-011-0915-1
http://dx.doi.org/10.1007/s10753-011-9352-2


20. David M. Booth, John A. Murphy, Rajarshi Mukherjee, Muhammad Awais, John P. Neoptolemos, Oleg V. Gerasimenko,
Alexei V. Tepikin, Ole H. Petersen, Robert Sutton, David N. Criddle. 2011. Reactive Oxygen Species Induced by Bile Acid
Induce Apoptosis and Protect Against Necrosis in Pancreatic Acinar Cells. Gastroenterology 140:7, 2116-2125. [CrossRef]

21. Anna S. Gukovskaya, Ilya Gukovsky. 2011. Which Way to Die: the Regulation of Acinar Cell Death in Pancreatitis by
Mitochondria, Calcium, and Reactive Oxygen Species. Gastroenterology 140:7, 1876-1880. [CrossRef]

22. Ning-Hui Cheng, Wei Zhang, Wei-Qin Chen, Jianping Jin, Xiaojiang Cui, Nancy F. Butte, Lawrence Chan, Kendal D. Hirschi.
2011. A mammalian monothiol glutaredoxin, Grx3, is critical for cell cycle progression during embryogenesis. FEBS Journal
no-no. [CrossRef]

23. Chang Hwa Jung, Jeong-Hyun Kim, Ji Hye Kim, Joo Hee Chung, Han-Seok Choi, Jong Bok Seo, Yong-Cheol Shin, Sung-
Hoon Kim, Seong-Gyu Ko. 2011. Anti-inflammatory effect of Rhus verniviflua Stokes by suppression of iNOS-mediated Akt
and ERK pathways: in-vitro and in-vivo studies. Journal of Pharmacy and Pharmacology 63:5, 679-687. [CrossRef]

24. Yesim Oztas, Bulent Uysal, Umit Kaldirim, Yavuz Poyrazoglu, Mehmet Yasar, Tuncer Cayci, Yavuz Cekli, Serdar Sadir,
Mehmet Ozler, Turgut Topal, Sukru Oter, Ahmet Korkmaz. 2011. Inhibition of iNOS reduces the therapeutic effects of ozone
in acute necrotizing pancreatitis: An in vivo animal study. Scandinavian Journal of Clinical & Laboratory Investigation 1-8.
[CrossRef]

25. Joan M Braganza, Stephen H Lee, Rory F McCloy, Michael J McMahon. 2011. Chronic pancreatitis. The Lancet 377:9772,
1184-1197. [CrossRef]

26. Banavara Narasimhamurthy Girish, Gopalakrishna Rajesh, Kannan Vaidyanathan, Vallath Balakrishnan. 2011. Assessment
of oxidative status in chronic pancreatitis and its relation with zinc status. Indian Journal of Gastroenterology 30:2, 84-88.
[CrossRef]

27. Yuk Cheung Chan, Po Sing Leung. 2011. Co-operative effects of angiotensin II and caerulein in NF#B activation in pancreatic
acinar cells in vitro. Regulatory Peptides 166:1-3, 128-134. [CrossRef]

28. Alexander Gosslau, Shiming Li, Chi-Tang Ho, Kuang Yu Chen, Nancy E. Rawson. 2011. The importance of natural product
characterization in studies of their anti-inflammatory activity. Molecular Nutrition & Food Research 55:1, 74-82. [CrossRef]

29. Qingyong Ma, Min Zhang, Zheng Wang, Zhenhua Ma, Huanchen Sha. 2011. The beneficial effect of resveratrol on severe
acute pancreatitis. Annals of the New York Academy of Sciences 1215:1, 96-102. [CrossRef]

30. Alexander A Aghdassi, Julia Mayerle, Sandra Christochowitz, Frank U Weiss, Matthias Sendler, Markus M Lerch. 2011.
Animal models for investigating chronic pancreatitis. Fibrogenesis & Tissue Repair 4:1, 26. [CrossRef]

31. Thilo Hackert, Stefan Tudor, Klaus Felix, Dmitry Dovshanskiy, Werner Hartwig, Wolfgang A. Simon, Jens Werner. 2010.
Effects of Pantoprazole in experimental acute pancreatitis. Life Sciences 87:17-18, 551-557. [CrossRef]

32. Moon-Moo Kim, Se-Kwon Kim. 2010. Effect of phloroglucinol on oxidative stress and inflammation. Food and Chemical
Toxicology 48:10, 2925-2933. [CrossRef]

33. Maxim S Petrov. 2010. Therapeutic implications of oxidative stress in acute and chronic pancreatitis. Current Opinion in
Clinical Nutrition and Metabolic Care 13:5, 562-568. [CrossRef]

34. Geetha Arumugam, Monika Padmanaban, Dhanya Krishnan, Saranya Panneerselvam, Surendran Rajagopal. 2010. Influence
of Copper, Iron, Zinc and Fe 3 + Haemoglobin Levels on the Etiopathogenesis of Chronic Calcific Pancreatitis—A Study in
Patients with Pancreatitis. Biological Trace Element Research . [CrossRef]

35. Beatriz Puisac, María Arnedo, Cesar H. Casale, María Pilar Ribate, Tomás Castiella, Feliciano J. Ramos, Antonia Ribes, Celia
Pérez-Cerdá, Nuria Casals, Fausto G. Hegardt, Juan Pié. 2010. Differential HMG-CoA lyase expression in human tissues
provides clues about 3-hydroxy-3-methylglutaric aciduria. Journal of Inherited Metabolic Disease 33:4, 405-410. [CrossRef]

36. P. Palsamy, S. Subramanian. 2010. Ameliorative potential of resveratrol on proinflammatory cytokines, hyperglycemia
mediated oxidative stress, and pancreatic #-cell dysfunction in streptozotocin-nicotinamide-induced diabetic rats. Journal of
Cellular Physiology 224:2, 423-432. [CrossRef]

37. Young Bin Hong, Hyo Jin Kang, Sun Young Kwon, Hee Jeong Kim, Kun Young Kwon, Chi Heum Cho, Jong-Min Lee,
Bhaskar V.S. Kallakury, Insoo Bae. 2010. Nuclear Factor (Erythroid-Derived 2)-Like 2 Regulates Drug Resistance in
Pancreatic Cancer Cells. Pancreas 39:4, 463-472. [CrossRef]

38. Ri-sheng Que, Li-ping Cao, Guo-ping Ding, Jun-an Hu, Ke-jie Mao, Gui-feng Wang. 2010. Correlation of Nitric Oxide and
Other Free Radicals With the Severity of Acute Pancreatitis and Complicated Systemic Inflammatory Response Syndrome.
Pancreas 39:4, 536-540. [CrossRef]

http://dx.doi.org/10.1053/j.gastro.2011.02.054
http://dx.doi.org/10.1053/j.gastro.2011.04.025
http://dx.doi.org/10.1111/j.1742-4658.2011.08178.x
http://dx.doi.org/10.1111/j.2042-7158.2011.01251.x
http://dx.doi.org/10.3109/00365513.2011.572183
http://dx.doi.org/10.1016/S0140-6736(10)61852-1
http://dx.doi.org/10.1007/s12664-011-0094-8
http://dx.doi.org/10.1016/j.regpep.2010.10.006
http://dx.doi.org/10.1002/mnfr.201000455
http://dx.doi.org/10.1111/j.1749-6632.2010.05847.x
http://dx.doi.org/10.1186/1755-1536-4-26
http://dx.doi.org/10.1016/j.lfs.2010.09.008
http://dx.doi.org/10.1016/j.fct.2010.07.029
http://dx.doi.org/10.1097/MCO.0b013e32833b64b9
http://dx.doi.org/10.1007/s12011-010-8822-y
http://dx.doi.org/10.1007/s10545-010-9097-3
http://dx.doi.org/10.1002/jcp.22138
http://dx.doi.org/10.1097/MPA.0b013e3181c31314
http://dx.doi.org/10.1097/MPA.0b013e3181c0e199


39. Tao Yang, Yan-Fei Mao, Shuang-Qing Liu, Jiong Hou, Zhi-Yang Cai, Jin-Yu Hu, Xin Ni, Xiao-Ming Deng, Xiao-Yan Zhu.
2010. Protective effects of the free radical scavenger edaravone on acute pancreatitis-associated lung injury. European Journal
of Pharmacology 630:1-3, 152-157. [CrossRef]

40. Karine Maria Martins Bezerra Carvalho, Talita Cavalcante Morais, Tiago Sousa de Melo, Gerly Anne de Castro Brito, Geanne
Matos de Andrade, Vietla Satyanarayana Rao, Flávia Almeida Santos. 2010. The Natural Flavonoid Quercetin Ameliorates
Cerulein-Induced Acute Pancreatitis in Mice. Biological & Pharmaceutical Bulletin 33:9, 1534-1539. [CrossRef]

41. Bulent Uysal, Mehmet Yasar, Nail Ersoz, Omer Coskun, Abdullah Kilic, Tuncer Cayc, Bulent Kurt, Sukru Oter, Ahmet
Korkmaz, Ahmet Guven. 2010. Efficacy of Hyperbaric Oxygen Therapy and Medical Ozone Therapy in Experimental Acute
Necrotizing Pancreatitis. Pancreas 39:1, 9-15. [CrossRef]

42. Raymond J. MacDonald, Galvin H. Swift, Francisco X. RealTranscriptional Control of Acinar Development and Homeostasis
97, 1-40. [CrossRef]

43. David J. Bates, Ruqiang Liang, Na Li, Eugenia Wang. 2009. The impact of noncoding RNA on the biochemical and molecular
mechanisms of aging. Biochimica et Biophysica Acta (BBA) - General Subjects 1790:10, 970-979. [CrossRef]

44. Hossam M. M. Arafa, Ramadan A. M. Hemeida, Mohamed I. A. Hassan, Mohammed H. Abdel-Wahab, Osama A. Badary,
Farid M. A. Hamada. 2009. Acetyl-l-Carnitine Ameliorates Caerulein-induced Acute Pancreatitis in Rats. Basic & Clinical
Pharmacology & Toxicology 105:1, 30-36. [CrossRef]

http://dx.doi.org/10.1016/j.ejphar.2009.12.025
http://dx.doi.org/10.1248/bpb.33.1534
http://dx.doi.org/10.1097/MPA.0b013e3181bb5ae3
http://dx.doi.org/10.1016/B978-0-12-385233-5.00001-5
http://dx.doi.org/10.1016/j.bbagen.2009.03.028
http://dx.doi.org/10.1111/j.1742-7843.2009.00399.x

