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ABSTRACT

Alcoholic pancreatitis is common in the Western world, yet the
exact mechanism by which alcohol induces pancreatic damage
remains uncertain. Genetic predisposition, pro-inflammatory to
inflammatory signal transduction pathways as well as apoptotic
properties and oxidative stress have been among the proposed
mechanisms, yet the exact mechanism remains the topic of
investigation. Reactive oxygen species (ROS) are highly reactive
molecules that are generated as metabolic products that react with
and damage cellular components. Alcohol promotes the production
of ROS while lowering cellular antioxidant levels thereby altering
the state of balance between pro and anti-oxidant status leading to
oxidative stress in many tissues including the pancreas. Several lines
of evidence indicate that oxidative stress plays an important role
in the development of alcoholic pancreatitis. Here we review the
hypothesis and proposed mechanisms of oxidative stress in alcoholic
pancreatitis, the evidence supporting the role of alcohol-induced
oxidative stress within the pancreas and the role of emerging
antioxidant treatments.
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INTRODUCTION

Alcohol is a well-known cause of pancreatitis and accounts for
the majority of observed cases in Western societies'". Genetic
predisposition, pro-inflammatory to inflammatory signal
transduction pathways as well as apoptotic properties and oxidative
stress have been some of the main underlying mechanisms
suggested for alcoholic pancreatitis’™, yet the exact etiology and
molecular mechanism still remains a point of debate and significant
investigation. One factor playing a major role in alcohol-induced
pancreatitis is the state of oxidative stress as a result of excessive
free radical generation and antioxidant depletion”.

The role of reactive oxygen species (ROS) and oxidative stress
in the pathogenesis of various human diseases has been well
documented. Reactive oxygen species have also been implicated
in pancreatic damage in various forms of experimental and human
pancreatitis'®). Although ethanol is known to be the most common
cause of pancreatitis in the Western world, relatively few studies
have dedicated exclusive focus on ethanol and its induction of
oxidative stress within the pancreas. Here we review the proposed
mechanisms of ethanol-induced oxidative stress as it takes place in
the pancreas, the evidence for the role of oxygen radicals in alcohol-
related pancreatitis, and potential therapeutic implications.

WHAT IS OXIDATIVE STRESS?

Free radicals are molecules or compounds that contain unpaired
electrons in their atomic or molecular structure which renders them
unstable. Because of the instability in their structure, these molecules
are highly reactive as they attempt to pair with other molecules to
create a more stable compound. The most common free radicals
include the superoxide (O:.-), hydrogen peroxide (H202), peroxide
(Oz2-), hydroxyl (.OH), and nitric oxide (NO.) radicals which are
considered primary ROS". Under ethanol exposure, ROS production
is enhanced while the level of antioxidants is reduced; this resulting
state of imbalance between ROS production and reduced antioxidants

is called oxidative stress”.
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SOURCES OF REACTIVE OXYGEN SPECIES

The mitochondrion is a major source of ROS, with the majority
of oxygen radicals produced in a biological system being derived
from the mitochondrial respiratory chain. In a biological system,
molecular oxygen undergoes reduction through the addition of four
electrons in the mitochondrial respiratory chain and cytochrome
oxidase system to form water, generating ATP in the process.
Continued oxygen consumption leads to sequential, univalent
reduction to produce a partially reduced, reactive oxygen-derived
species within the mitochondria that is initiated by the generation
of superoxide anion””. The conversion of superoxide anion into
hydrogen peroxide by the enzyme superoxide dismutase (SOD) within
the mitochondria leads to the generation of hydroxyl radical and other
reactive species which damage constituent cellular macromolecules™".

In addition to the mitochondrial respiratory chain are numerous
biological sources of ROS, most important of which include the
Cytochrome P450 oxidase system (P450), the xanthine oxidase
system and activated leukocytes. The P450 system which includes the
CYP1, CYP2, and CYP3 families, is the major enzyme superfamily
involved in metabolizing compounds such as fatty acids, cholesterol,
steroids and bile acids. More importantly, these enzymes are involved
in removing and detoxifying ethanol, a foreign and hence toxic agent
in the body. ROS are generated by the P450 system in the biochemical
process of detoxifying ethanol.

Xanthine oxidase (XOD) is found as a dehydrogenase (XOH)
under physiological conditions transferring hydrogen from xanthine to
nicotinamide adenine dinucleotide (NAD), thereby generating NADH.
Under ethanol exposure, however, its oxidase form is promoted where
the ROS superoxide and hydrogen peroxide are generated"”. Alcohol
consumption promotes the formation of xanthine oxidase which is a
primary source of ROS causing injury within the pancreas’*".

Activated macrophages and neutrophils contain the NADPH
oxidase system which when activated generates superoxide and
hydrogen peroxide radicals; this normally allows leukocytes to protect
against invading microorganisms. Excess ROS generated by these
cells, however are deleterious to host cells and tissues in the presence

of pancreatitis™.

ANTIOXIDANTS

Antioxidants (AO) are the body’s main resource for protection against
ROS and oxidative stressors and biological systems have developed
antioxidant defense mechanisms to counter cytotoxicity from ROS.
Mammalian cells are primarily protected against oxidative damage by
natural antioxidant enzymes including superoxide dismutase, catalase,
and glutathione peroxidase which act as oxygen radical scavengers' .

Superoxide dismutase (SOD) is responsible for the detoxification
and removal of superoxide radical and is found in three different

forms within the mitochondria'"®

1A copper-zinc form of SOD is
found within the cytosol and the space surrounding the mitochondria,
while a manganese-containing form is present in the mitochondrial
matrix, both of which are important for prevention of ROS-induced

") The main function of catalase (CAT) involves the removal

toxicity'
of hydrogen peroxide but can also promote the interaction of hydrogen
peroxide with other hydrogen donors, such as ethanol, forming water,
02, and an oxidized hydrogen donor product''”.

The most important enzymatic system may be the Glutathione
peroxidase (GPx) system which comprises several enzymes and
cofactors including NADPH and the endogenous antioxidant
glutathione, in its reduced form (GSH), to remove hydrogen
peroxide species”™. As an essential part of this system, GSH helps
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remove exogenous drugs and chemicals as well as various reactive
molecules from within a cell"". Because mitochondria lacks
catalase, mitochondrial GSH in association with GPx is the major
mechanism by which hydrogen peroxide H20: is detoxified by the
mitochondria"?".

Further defense is provided by numerous non-enzymatic
compounds that are taken up in the diet and react with oxygen radicals
and disrupt the self-perpetuating cycle of oxygen radical production.
The most prominent of these antioxidants include Vitamin E
(o-tocopherol), Vitamin C (ascorbate), B-carotine, selenium, bilirubin,

. . . 21
uric acid and cysteine®".

PROPOSED MECHANISMS OF ALCOHOL-
INDUCED OXIDATIVE STRESS IN THE PANCREAS

Although a clear link between ethanol consumption and pancreatitis
has been well established, the majority of ethanol consumers do
not develop pancreatitis'"’. This observation has led investigators
to question the potential role of genetic predisposition in certain
individuals to alcohol or alcohol metabolites and the induction of
oxidative stress as a risk factor for developing pancreatitis. One
area of investigation involves polymorphisms in genes encoding
for inflammatory cytokines and subsequent pathways involved in
alcoholic pancreatitis that have yet to find a direct correlation™ ",
Others have investigated the association of alcoholic pancreatitis
and genetic polymorphisms in detoxification enzymes that are
involved in the metabolism of ethanol and oxidative compounds as
possible susceptibility factors. Studies investigating an association
between genetic polymorphisms for the enzyme glutathione
transferase and alcoholic pancreatitis have similarly not found a
significant association”>*”. One study reported a potential protection
against pancreatitis in alcohol users with this mutation, though the
investigators admitted limitations including uncontrolled confounding
factors™. Similar investigations of polymorphism in SOD have not
found a significant link to pancreatitis™"". Some studies have also
suggested that the type and amount of alcohol consumed can be a
determinant of oxidative stress and subsequent pancreatitis, although

31-33 PO .
[ ]. This issue remains

not all these studies found an association
a topic of controversy, however, as studies reporting a positive
correlation have often not corrected for the total amount of alcohol
consumed.

Recent clinical data lends support to the notion that antioxidants are
beneficial for patients with acute pancreatitis with studies suggesting
its benefits to stem from inhibition of NF-kappa B activity as well as
reduction of pro-inflammatory cytokines such as TNF-a, IL-6 and
IL-1 which have been found to play active roles in ethanol induced
oxidative stress in the pancreas™ . Ultimately, alcohol-induced
oxidative stress mediates its damage through mechanisms that alter
the state of balance between antioxidant status and increased ROS
(Figure 1).

Alcohol-induced oxidative stress leading to pancreatitis is partly
linked to the metabolism of ethanol itself within the pancreas™®.
Ethanol is metabolized by three different pathways which involve
the enzymes alcohol dehydrogenase, microsomal ethanol oxidation
system and catalase. Each of these pathways generates free radicals
which alter the state of imbalance leading to oxidative stress””.
Alcohol is first converted to acetaldehyde by alcohol dehydrogenase
(ADH). Aldehyde dehydrogenase (ALDH) then converts acetaldehyde
to acetate. Each of these reactions produces one molecule of NADH,
which provides more reactive material and thus enhanced activity of
the mitochondrial respiratory chain®™.
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Figure 1 Mechanisms of alcohol- induced oxidative stress-mediated injury.

Acetaldehyde (AA) produced during alcohol metabolism is itself
a toxic metabolite which reacts with proteins and lipids leading to
further radical formation and cell damage™
excellent substrate for the enzymes xanthine oxidase (XOD) which
generates more toxic oxygen radicals during its oxidation™, leading
to pancreatic injury!'. Alcoholic pancreatitis induced by ischemia
followed by AA can be inhibited by pretreatment with SOD and
CAT, while ameliorated with the XO inhibitor allopurinol supporting

1. Acetaldehyde is also an

the role of AA and xanthine oxidase as sources of ROS in alcoholic
pancreatitis™

Alcohol further induces damage via the cytochrome P450 system
which is a common source of ROS"”. Alcohol induces the CYP2E1
form of the cytochrome P450 system which metabolizes ethanol
itself to more toxic products while generating ROS in the process'*".
Increased ROS production and lipid peroxidation found in chronic
ethanol treated rats was blocked by chemical inhibitors of CYP2EI
and anti-CYP2E1 immunoglobulin G in two experiments™>*",
Other studies have demonstrated increased CYP2E1 activity in the
rat as well as the human pancreas after ethanol exposure leading to
pancreatic injury™*,

Studies also suggest that the mitochondrion which are involved
in the generation of ROS are themselves targets of oxidative stress
and also contribute to the mechanisms by which oxidative stress
mediates injury. Ethanol depletes GSH in the liver, particularly in
the mitochondria, which is normally characterized by high levels
of GSH needed to eliminate ROS generated during activity of the
respiratory chain®™. NADH generated during ethanol metabolism is
shuttled into the respiratory complexes of the mitochondria by the
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malate-aspartate shuttle, which is enhanced by ethanol treatment™,

These excess reducing equivalents facilitate transfer of electrons to
molecular oxygen generating more superoxide anions in the process,
propagating the cycle of ROS generation and cell toxicity™”. Ethanol
also decreases overall mitochondrial respiration and a decrease in rate
of ATP synthesis™*\. This further inhibits the mitochondria’s ability
to import GSH needed to prevent an ongoing cycle of oxidative
damage. Although these findings have mainly been observed in
hepatic tissue, studies on pancreatic tissue have confirmed similar
findings in alcoholic pancreatitis™”.

One common effect of increased oxidative stress and imbalance

B9, Free radicals readily

from ethanol exposure is lipid peroxidation
react with biological substances including proteins, polysaccharides,
and nucleic acids. However, most readily affected are polyunsaturated
fatty acids which are present in high concentrations in the cellular
membrane. The resulting damage causes lipid peroxidation and
alteration of the cell membrane which leads to disintegration of the
cell and ultimately cell death™.

Free radicals can also induce injury through promoting
migration and activation of leukocytes in the pancreas”. Activated
polymorphonuclear (PMN) leukocytes produce ROS and also secrete
various enzymes (i.e. myeloperoxidase, elastase and acid proteases),
leukotrienes, prostaglandins which lead to a propagating cycle of
tissue injury and severe inflammation (and generation of more ROS)

within the pancreas””,

MEASUREMENT OF OXIDATIVE STRESS IN
ALCOHOLIC PANCREATITIS

A single reliable measurement to determine the involvement and
extent of tissue damage by oxygen radicals has been difficult because
of their high reactivity. As a result, the assessment of tissue damage
in alcoholic pancreatitis has been accomplished in a variety of ways.
One method relies on measuring the effects of radical interactions
with biological substrates to form products such as lipid peroxidation
products that include malondialdehyde (MDA) and 4-hdroxynonenol
(HNE). Another measure of lipid peroxidation, thiobarbituric acid
reactive substances (TBARS) is commonly used as it can detect a
range of lipoperoxidation aldehydes including MDA, HNE and other
conjugated dienes””. Other methods have included measurements
of antioxidant enzymes and changes in glutathione metabolism via
measurements of its reduced and oxidized forms, and treatment with
radical scavengers that detoxify radical species.

EVIDENCE OF OXIDATIVE STRESS IN
ALCOHOLIC PANCREATITIS

Animal models showing the role of oxidative stress in alcoholic
pancreatitis

Several experimental studies (Table 1) have demonstrated that
oxidative stress plays a role in the pathogenesis of both acute and
chronic alcoholic pancreatitis by altering the balance between ROS
generation and antioxidant capacity to remove these excess reactive
species. Animals treated with ethanol acutely show significant
reduction in SOD and GSH while MDA activity is significantly
increased™**”.

A study by Wittel ez al™ investigated the ability of pancreatic acinar
cells to generate ethanol-dependant ROS in vivo and in vitro. In an in
vivo model of pancreatitis, rats were treated with ethanol alone and
with duct obstruction or pancreatic stimulation. Animals treated with
ethanol alone showed significantly lower levels of reduced glutathione

© 2013 Thomson research. All rights reserved.



Shahedi K et a/. Oxidative Stress Alcoholic Pancreatitistis

Table 1 Measurements of oxidative stress in animal models of alcoholic pancreatitis.

Reference Method Tissue measurement Results

Weber et al™ Acute EtOH 13.7 mmol/kg, analysis at 1,2,6,12,16,20,24 h SOD, GPx, MDA, XOD, Protein 1 MDA at1&2h, |GPxat20h, |[SODat16 h
Altomare et al™  Acute EtOH 25%, analysis at 6 h GSH, GSSH, MDA, CP MDA, |GSH, 1GSSG

Wittel et al™ In vivo: 40% for 90 min, analysis at 30 min, 1,2,4,6,12,24 h GSH, GSSH, MDA, CD, MPO MDA, |GSH, 1GSSG, 1CD

In Vitro: 0.3% EtOH incubation
Acute EtOH 25%, analysis at 5 h
Acute EtOH 48%, analysis at 24 h

Palimieri et al®™
Andican et al™

1GSH, 1GSSG
TMDA, |GSH, 1GSSG
1NO, |GSH, 1TBARS

GSH, GSSH, MDA, CP
NO, GSH, TBARS

Norton et al'™” 4 weeks EtOH 36% pair fed GSH, MDA tMDA, 1GSH

Grattagliano ef al*” 8 weeks EtOH 3% pair fed GSH, MDA, CP, ATP TMDA, |GSH, |ATP

Aleynik et al™ 8 weeks EtOH 36% pair fed HNE, F2-IP 1HNE, 1F2-IP, both decreased with PPC
McKim et al®™ 3 weeks EtOH 35-40% continuous intragastric infusion HNE THNE

Kono et al™ 4 weeks or 8 weeks 35-40% EtOH continuous enteral infusion ~HNE, AHR 1HNE and AHR with 8 wk treatment
Timuro et '’ 4 wks 35% EtOH continuous intragastric infusion AHR 1AHR

(GSH) and increased levels oxidized glutathione (GSSG). Ethanol
treated animals were also found to have significantly increased
levels of MDA and conjugated dienes. In the in vitro model, isolated
pancreatic acini incubated with ethanol had decreased concentration
of reduced glutathione, GSH. Interestingly, ROS was shown to
be generated independent of leukocyte infiltration by showing
histological pancreatic injury without significant leukocyte infiltration
in the tissue, further supporting the role of ethanol in generating free
radicals at the pancreatic acini.

Palimieri ez al” conducted a study where the content of antioxidant
enzymes and markers of lipid peroxidation were measured in isolated
rat pancreatic acinar cells after an acute oral ethanol load. Similar
to previous studies, pancreatic acinar cells isolated from ethanol-
treated rats showed a significantly lower GSH and higher GSSG
concentrations as well as elevated levels of MDA. Similar results
were reported by Andican e al®™ in which the levels of the reactive
free radical nitric oxide (NO), TBARS and GSH were investigated.
They found significantly higher levels of NO metabolites as well as
TBARS in the systemic circulation of ethanol treated rats. In addition,
GSH concentration was again found to be lower in pancreatic tissue as
well as erythrocytes isolated from the ethanol treated group, indicating
that the effects of ethanol induced oxidative stress are not limited
to pancreatic cells but may involve other cellular components that
interact within the pancreatic tissue to propagate cellular damage.

Evidence also indicates chronic ethanol exposure have significant
impact on oxidative stress generation in the pancreas. In a study
by Norton et al™
increase in MDA content in the pancreas of ethanol-fed rats after

chronic ethanol administration produced a 46%

4 weeks of ethanol administration. Interestingly, this biochemical
change was observed in the absence of histological evidence of
inflammation or necrosis, implying that the observed changes were a
primary phenomenon rather than part of the inflammatory response.
Chronic ethanol administration also produces progressive oxidative
modification and impairment of mitochondrial function in pancreatic
7] These effects were also observed in the pancreas by low dose
chronic ethanol administration in a study conducted by Grattagliano
et al™. Ethanol treatment induced a significant decrease in both
pancreatic (36%) and mitochondrial (44%) GSH concentrations
compared to controls while increasing levels of MDA in both whole

tissue’

pancreas and mitochondrial fractions. Low levels of pancreatic ATP
was associated with a fall in mitochondrial ATP synthesis in ethanol
treated animals. Since GSH is not synthesized by the mitochondria,
this decreased production of energy impairs the mitochondrial
capacity to import GSH from the cytosol contributing to further
propagation of ROS formation™™”.

In the course of lipid peroxidation, polyunsaturated fatty acids
have been thought to be the most probable target of free radical
attack leading to cell wall comprise and death. In a novel experiment,
Aleynik et al'” studied whether polyenylphosphatidylcholine (PPC)
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administration, a mixture of polyunsaturated phosphatidylcholines
extracted from soybeans, inferred protection against alcohol-induced
oxidative stress and lipid peroxidation in the rat pancreas. Their study
found 70% higher lipid peroxidation products in pancreatic tissue
isolated from ethanol treated rats compared to controls. Ethanol fed
animals that were then concomitantly administered PPC had reduced
levels of peroxidation while the values remained unchanged in
control groups not treated with PPC. GSH levels were significantly
decreased in pancreatic tissue of alcohol fed animals, which was also
circumvented by PPC administration suggesting the potential role of
therapeutic oral PPC therapy in attenuating ethanol induced oxidative
pancreatic damage. Similarly elevated levels of HNE and as an index
of oxidative stress pancreatitis tissue were supported in two other
studies utilizing an enteral feeding model of ethanol in rats*"*.

Although the aforementioned studies lend strong evidence and
support to the role of oxidative injury induced by ethanol on the
pancreas, it can be argued that that measured markers of oxidative
stress are the result of injury rather than preceding and hence being
a source of injury. This question was addressed in a study by limuro
et al™ where rats were chronically fed ethanol using a model of
continuous enteral infusion. By administering ['*C]-ethanol, the
investigators were able to show significantly elevated carbon centered
radical adducts, specifically a-hydroxyethyl radical, demonstrating
that the radical adducts were formed in the pancreas from [*C]-ethanol.
Additionally, these findings were found in the absence of significant
histological damage and normal levels of amylase and lipase (which
were similar to the study by Norton et al™”), supporting the concept
that enhanced oxidative stress is a primary phenomenon in alcoholic
pancreatitis.

While most studies have focused on radical induced changes at
the pancreatic acinar cells, it is important to note that ethanol may
also alter oxidative stress balance in pancreatic stellate cells (PSC).
A recent study from our laboratory investigated the NADPH oxidase
system, which generates superoxide radicals and ROS, within
pancreatic stellate cells”. Stimulation with platelet-derived growth
factor significantly increased NADPH oxidase activity which was
measured by detecting production of ROS using the lucigenin-derived
chemiluminescence method. Ethanol treatment markedly augmented
the NADPH oxidase activity in pancreatic stellate cells generating
increased ROS. These observed effects were attenuated by antioxidant
administration, supporting the role of ethanol induced oxidative stress
in pancreatic stellate cells. Masamune ez a/'®”
the role of NADPH oxidase as a source of ROS in pancreatic stellate
cells. In one of their studies, administration of antioxidants including

Vitamin E and N-acetyl-cysteine inhibited ethanol induced damage
1671

similarly demonstrated

at the pancreatic acinar cells®”. In an earlier study, Apte et a
demonstrated the capacity of PSCs to metabolize ethanol when
activated. Their study further demonstrated that ethanol exposure
leads to PSC activation via the metabolism of ethanol to acetaldehyde



and subsequent oxidant stress generation.

Recent experimental studies have also implicated the potential
theraputic effect of suppression of inflammatory cytokine, for instance
with monoclonal TNF antibody (infliximab) in animal studies with
necrotizing pancreatitis'®!. Although these findings may provide a new
target for therapy, large clinical trials are needed to study the clinical
utility and efficacy of such treatments.

Human studies

A number of human studies have assessed the direct role of ethanol
in inducing oxidative stress and subsequent pancreatic damage. The
increase in lipid peroxidation due to enhanced generation of oxygen
radicals by ethanol exposure is paralleled by severe depletion of
physiological antioxidant status. In a small study, Van Gossum et
al® measured antioxidant parameters in 35 patients with alcoholic
chronic pancreatitis compared to healthy controls. Significantly lower
levels of antioxidants Vitamin A, Vitamin E, selenium and GSH were
observed in patients with alcoholic pancreatitis though dietary intakes
did not differ in patients and controls.

In a similar study, Szuster-Ciesielska et al””
of oxidative stress in patients with both acute and chronic alcoholic
pancreatitis (AP) by measuring the ability of peripheral blood
neutrophils isolated from patients with proven alcoholic pancreatitis
to produce superoxide and hydrogen peroxide radicals; SOD, CAT

investigated the role

and GPx levels were also measured. Patients with acute AP had
significantly increased levels of CAT and SOD while levels of GPx
were comparable to controls. Neutrophils in patients with chronic
AP produced increased amounts of ROS and peroxide without any
induction in vitro, indicating the insult to be ethanol-induced.

Ample evidence indicates the association of oxidative stress
and chronic alcoholic pancreatitis. Verlaan et al”"’ demonstrated
significantly lower levels of GSH and anti-oxidative thiols cysteine
and cysteinylglycine in the sera of patients with pancreatitis. Plasma
levels of oxidative protein damage and lipid peroxidation were
established by measuring concentration of protein carbonyls and
MDA which were both significantly higher in patients with alcoholic
pancreatitis. In addition, the generation of ROS measured by the
chemiluminescence technique in whole blood was slightly higher in
alcoholic patients.

In a study evaluating the role oxidative stress in patients with
chronic alcoholic pancreatitis, Casini et al'”” investigated the
contribution of pancreatic periacinar stellate cells in the synthesis of
extracellular matrix components causing pancreatic fibrosis. Patients
with chronic alcoholic pancreatitis had significantly increased
formation of HNE-protein adducts within pancreatic acinar cells
compared to healthy controls, which was associated with an active
synthesis and deposition of collagen leading to pancreatic fibrosis.

Though observations made in these studies gives support for the
role of oxidative stress in alcoholic pancreatitis, these studies were
limited by elements such as a small sample size and an observational
method of study lacking control for confounding many factors. These
limitations may have been addressed by randomized-controlled
studies evaluating the role of oxidative stress via measurement
and/or treatment with antioxidants. In an early study, Uden et
al™ investigated the effects of antioxidant therapy for recurrent
pancreatitis in a 20-week double-blind cross-over placebo-controlled
trial which enrolled 28 patients. Of the 20 patients who adhered to the
study, six patients had recurrent attacks while on placebo treatment
compared to none while on active antioxidant therapy which included
a mixture organic selenium, B-carotene, vitamins C, E and methionine.
Biochemical analysis demonstrated baseline serum concentrations
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of selenium, B-carotene and Vitamin E to be significantly lower in
patients with pancreatitis compared to healthy controls. These levels
were unaltered by placebo treatment but normalized by antioxidant
treatment”". Although this study endorsed the potential beneficial
effect of treatment with antioxidants, its generalizability was limited
again by a small sample size which has been addressed by more recent
studies.

In a randomized controlled trial, Bwardwaj e a/”” enrolled
147 patients with alcoholic or idiopathic chronic pancreatitis who
were randomized to groups that were given placebo (n=71) or
antioxidants selenium, ascorbic acid, B-carotene, a-tocopherol and
methionine (n=56) for 6 months. Their study found antioxidant
supplementation to relieve pain and reduce the level of oxidative
stress in patients with chronic pancreatitis. As a secondary outcome
measurement, markers of oxidative stress including serum levels
of SOD and TBARS, Vitamins A, C and E levels as well as total
antioxidant capacity were evaluated by the Ferric Reducing Ability
of Plasma (FRAP) technique. At baseline, patients with pancreatitis
were found to have significantly higher levels of oxidative markers
as well as lower levels of antioxidants compared to controls. There
were no significant differences observed at 1 month, but at 6 months
following intervention, lipid peroxidation products (TBARS) and
SOD levels had decreased significantly in the antioxidant group
compared to placebo while there was an significant increase in FRAP
in the antioxidant group. Vitamin A, C and E levels were similarly
elevated in the antioxidant groups. Contradicting results were reported
by Burton ez a/’® in which AO showed less effect in alcoholic
pancreatitis than idiopathic or obstructive pancreatitis though these
findings were from an observational cohort study.

The emerging role of antioxidant therapy in acute and chronic
pancreatitis and its potential mechanism has been described by Jha
et al®. Resveratrol, a Chinese herb medicine, showed positive
clinical effect on acute pancreatitis including alcoholic pancreatitis.
Its mechanisms have been suggested to involve suppression of the
NF-kappa B, pro-inflammatory cytokines such as TNF-alpha, IL 6
and 1 as well as anti-apoptotic effects through regulating apoptotic
mediators such as Bax, Bcl-2 and caspase-3.

A more recent clinical trial evaluating the effect of antioxidant
treatment for acute pancreatitis was conducted by Bansal e all’”.
Patients presenting with mainly acute alcoholic pancreatitis were
randomized to treatment with antioxidant Vitamins A, C, and E
in addition to standard therapy (n=19) or standard therapy alone
(n=20). No significant differences were found in organ dysfunction
or length of hospital stay, although two patients died in the control
groups compared to no deaths in the treatment group. No significant
differences in MDA, SOD, or GSH levels were observed between the
two groups at seven days, though this study was limited by a short
observational period.

The role of antioxidants in pancreatitis continues to be a source of
debate and investigation, however, with more recent studies on find
mixed results with respect to benefits. Some studies have shown
improved pain and quality of life in patients treated with antioxidants,
which is equated to decreased oxidative stress, while others found no
benefit to treatment”* ™. These studies, however, contained mainly
non-alcohol induced pancreatitis. Therefore, up to date, there is no
solid clinical evidence to support the clinical benefit of antioxidant in
treatment of pancreatitis.

CONCLUSIONS

Both experimental and clinical evidence indicate that oxidative stress
plays an important role in the development of alcoholic pancreatitis.

© 2013 Thomson research. All rights reserved.
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The discovery of generation of ROS generated by pancreatic stellate
cells may provide new direction to investigate the contribution of
pancreatic stellate cells and ROS generated through the NADPH
system on the pathogenesis of alcoholic pancreatitis. Clinical trials
have found mixed results for treatment with antioxidants in patients
with pancreatitis though these studies did not select for alcohol-
related cause of pancreatitis. Furthermore, clinical trials studying
these effects are conducted on patients who present with already
established pancreatitis, and are hence treatments that are given after-
the-fact when damage may already be induced. Although antioxidants
may be implicated as a potential modality for treatment of alcoholic
pancreatitis, large clinical trials have yet been done to evaluate the
outcome and efficacy of treatment with antioxidants specifically in
this population. Potential future directions should include clinical
trials with antioxidant therapy as prophylactic treatment in chronic
alcoholics who may be prone to developing pancreatitis. Prophylactic
treatment in this manner may hence prevent oxidative stress that leads
to pancreatic injury. Given the considerable evidence suggesting
the role of oxidative stress in alcoholic pancreatitis and no available
effective medical treatment, further studies on the clinical outcome
with antioxidants may shed a light on the future management of
alcoholic pancreatitis.

REFERENCES

1  Dufour MC, Adamson MD. The epidemiology of alcohol-
induced pancreatitis. Pancreas 2003; 27: 286-290

2 Apte MV, Pirola RC, Wilson JS. Mechanisms of alcoholic pan-
creatitis. | Gastroenterol Hepatol 2010; 25: 1816-1826

3 Das SK, Vasudevan DM. Alcohol-induced oxidative stress.
Life Sci 2007; 81: 177-187

4 Koiwai T, Oguchi H, Kawa S, Yanagisawa Y, Kobayashi T,
Homma T. The role of oxygen free radicals in experimental
acute pancreatitis in the rat. Int | Pancreatol 1989; 5: 135-143

5  Furukawa M, Kimura T, Yamaguchi H, Kinjoh M, Nawata H.
Role of oxygen-derived free radicals in hemorrhagic pancre-
atitis induced by stress and cerulein in rats. Pancreas 1994; 9:
67-72

6  Schoenberg MH, Biichler M, Gaspar M, Stinner A, Younes M,
Melzner I, Biiltmann B, Beger HG. Oxygen free radicals in
acute pancreatitis of the rat. Gut 1990; 31: 1138-1143

7 Schoenberg MH, Biichler M, Pietrzyk C, Uhl W, Birk D,
Eisele S, Marzinzig M, Beger HG. Lipid peroxidation and
glutathione metabolism in chronic pancreatitis. Pancreas
1995; 10: 36-43

8 Uden S, Schofield D, Miller PF, Day JP, Bottiglier T, Braganza
JM. Antioxidant therapy for recurrent pancreatitis: biochem-
ical profiles in a placebo-controlled trial. Aliment Pharmacol
Ther 1992; 6: 229-240

9  Turrens JF. Mitochondrial formation of reactive oxygen spe-

cies. | Physiol 2003; 552: 335-344

Murphy MP. How mitochondria produce reactive oxygen

species. Biochem ] 2009; 417: 1-13

Fernandez-Checa JC, Garcia-Ruiz C, Colell A, Morales A,

Mari M, Miranda M, Ardite E. Oxidative stress: role of mi-

tochondria and protection by glutathione. Biofactors 1998; 8:

7-11

Anzenbacher P, Anzenbacherova E. Cytochromes P450 and

metabolism of xenobiotics. Cell Mol Life Sci 2001; 58: 737-747

Koch OR, Pani G, Borrello S, Colavitti R, Cravero A, Farre S,

Galeotti T. Oxidative stress and antioxidant defenses in eth-

anol-induced cell injury. Mol Aspects Med 2004; 25: 191-198

Folch E, Gelpi E, Rosell6-Catafau J, Closa D. Free radicals

generated by xanthine oxidase mediate pancreatitis-associ-

ated organ failure. Dig Dis Sci 1998; 43: 2405-2410

Closa D, Bulbena O, Hotter G, Rosell6-Catafau J, Fernandez-

Cruz L, Gelpi E. Xanthine oxidase activation in cerulein-

10

11

12

13

14

15

© 2013 Thomson research. All rights reserved.

340

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

and taurocholate-induced acute pancreatitis in rats. Arch Int
Physiol Biochim Biophys 1994; 102: 167-170

Babior BM. Phagocytes and oxidative stress. Am ] Med 2000;
109: 33-44

Cullen JJ, Mitros FA, Oberley LW. Expression of antioxidant
enzymes in diseases of the human pancreas: another link
between chronic pancreatitis and pancreatic cancer. Pancreas
2003; 26: 23-27

Ott M, Gogvadze V, Orrenius S, Zhivotovsky B. Mitochon-
dria, oxidative stress and cell death. Apoptosis 2007; 12:
913-922

Fridovich I. Superoxide anion radical (O2-.), superoxide
dismutases, and related matters. | Biol Chem 1997; 272:
18515-18517

Hoek JB, Cahill A, Pastorino JG. Alcohol and mitochondria:
a dysfunctional relationship. Gastroenterology 2002; 122:
2049-2063

Fang YZ, Yang S, Wu G. Free radicals, antioxidants, and nu-
trition. Nutrition 2002; 18: 872-879

Ozhan G, Yanar HT, Ertekin C, Alpertunga B. Polymor-
phisms in tumour necrosis factor alpha (TNFalpha) gene
in patients with acute pancreatitis. Mediators Inflamm 2010;
2010: 482950

Chen WC, Nie JS. Genetic polymorphism of MCP-1-2518,
IL-8-251 and susceptibility to acute pancreatitis: a pilot
study in population of Suzhou, China. World | Gastroenterol
2008; 14: 5744-5748

Guenther A, Aghdassi A, Muddana V, Rau B, Schulz HU,
Mayerle J, Kraft M, Whitcomb DC, Lerch MM, Weiss FU.
Toll-like receptor 4 polymorphisms in German and US pa-
tients are not associated with occurrence or severity of acute
pancreatitis. Gut 2010; 59: 1154-1155

Maruyama K, Harada S, Yokoyama A, Mizukami S, Naruse
S, Hirota M, Nishimori I, Otsuki M. Association analyses of
genetic polymorphisms of GSTM1, GSTT1, NQO1, NAT?2,
LPL, PRSS1, PSTI, and CFTR with chronic alcoholic pancre-
atitis in Japan. Alcohol Clin Exp Res 2010; 34 Suppl 1: S34-538
Bartsch H, Malaveille C, Lowenfels AB, Maisonneuve P,
Hautefeuille A, Boyle P. Genetic polymorphism of N-acet-
yltransferases, glutathione S-transferase M1 and NAD(P)H:
quinone oxidoreductase in relation to malignant and benign
pancreatic disease risk. The International Pancreatic Disease
Study Group. Eur ] Cancer Prev 1998; 7: 215-223

Frenzer A, Butler W], Norton ID, Wilson JS, Apte MV, Pirola
RC, Ryan P, Roberts-Thomson IC. Polymorphism in alco-
hol-metabolizing enzymes, glutathione S-transferases and
apolipoprotein E and susceptibility to alcohol-induced cir-
rhosis and chronic pancreatitis. | Gastroenterol Hepatol 2002;
17:177-182

Verlaan M, te Morsche RH, Roelofs HM, Laheij R], Jansen JB,
Peters WH, Drenth JP. Glutathione S-transferase Mu null
genotype affords protection against alcohol induced chronic
pancreatitis. Am | Med Genet A 2003; 120A: 34-39
Osterreicher CH, Schultheiss J, Wehler M, Homann N,
Hellerbrand C, Kiinzli B, Friess H, Seitz HK, Stickel F. Ge-
netic polymorphisms of manganese-superoxide dismutase
and glutathione-S-transferase in chronic alcoholic pancreati-
tis. Mutagenesis 2007; 22: 305-310

Rahman SH, Nanny C, Ibrahim K, O'Reilly D, Larvin M,
Kingsnorth AJ, McMahon M]. Genetic polymorphisms of
GSTT1, GSTM1, GSTP1, MnSOD, and catalase in nonhe-
reditary chronic pancreatitis: evidence of xenobiotic stress
and impaired antioxidant capacity. Dig Dis Sci 2005; 50:
1376-1383

Pelli H, Lappalainen-Lehto R, Piironen A, Jarvinen S, Sand
J, Nordback I. Pancreatic damage after the first episode of
acute alcoholic pancreatitis and its association with the later
recurrence rate. Pancreatology 2009; 9: 245-251

Sadr Azodi O, Orsini N, Andrén-Sandberg A, Wolk A. Effect
of type of alcoholic beverage in causing acute pancreatitis.



33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Br ] Surg 2011; 98: 1609-1616

Lachenmeier DW, Taylor B, Rehm J. Lack of evidence for a
causal association between the type of alcoholic beverage
and the incidence of acute pancreatitis. Pancreas 2011; 40:
1143-114; author reply 1143-1144

Jha RK, Ma Q, Sha H, Palikhe M. Emerging role of resveratrol
in the treatment of severe acute pancreatitis. Front Biosci
(Schol Ed) 2010; 2: 168-175

Szabo G, Mandrekar P, Oak S, Mayerle J. Effect of ethanol on
inflammatory responses. Implications for pancreatitis. Pan-
creatology 2007; 7: 115-123

Gukovskaya AS, Mouria M, Gukovsky I, Reyes CN, Kasho
VN, Faller LD, Pandol SJ. Ethanol metabolism and tran-
scription factor activation in pancreatic acinar cells in rats.
Gastroenterology 2002; 122: 106-118

Mantle D, Preedy VR. Free radicals as mediators of alcohol
toxicity. Adverse Drug React Toxicol Rev 1999; 18: 235-252
Wilson JS, Apte MV. Role of alcohol metabolism in alcoholic
pancreatitis. Pancreas 2003; 27: 311-315

Fridovich I. Oxygen radicals from acetaldehyde. Free Radic
Biol Med 1989; 7: 557-558

Nordback IH, MacGowan S, Potter JJ, Cameron JL. The role
of acetaldehyde in the pathogenesis of acute alcoholic pan-
creatitis. Ann Surg 1991; 214: 671-678

Lieber CS. Cytochrome P-4502E1: its physiological and patho-
logical role. Physiol Rev 1997; 77: 517-544

Cederbaum Al Iron and CYP2E1-dependent oxidative stress
and toxicity. Alcohol 2003; 30: 115-120

Ekstrom G, Ingelman-Sundberg M. Rat liver microsomal
NADPH-supported oxidase activity and lipid peroxida-
tion dependent on ethanol-inducible cytochrome P-450 (P-
45011E1). Biochem Pharmacol 1989; 38: 1313-1319

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

Foster JR, Idle JR, Hardwick JP, Bars R, Scott P, Braganza JM.
Induction of drug-metabolizing enzymes in human pan-
creatic cancer and chronic pancreatitis. | Pathol 1993; 169:
457-463

Sugano T, Handler JA, Yoshihara H, Kizaki Z, Thurman
RG. Acute and chronic ethanol treatment in vivo increases
malate-aspartate shuttle capacity in perfused rat liver. ] Biol
Chem 1990; 265: 21549-21553

Bailey SM, Cunningham CC. Contribution of mitochondria
to oxidative stress associated with alcoholic liver disease.
Free Radic Biol Med 2002; 32: 11-16

Cunningham CC, Coleman WB, Spach PI. The effects of
chronic ethanol consumption on hepatic mitochondrial en-
ergy metabolism. Alcohol and Alcoholism 1990; 25: 127-136
Grattagliano I, Palmieri V, Vendemiale G, Portincasa P, Al-
tomare E, Palasciano G. Chronic ethanol administration
induces oxidative alterations and functional impairment
of pancreatic mitochondria in the rat. Digestion 1999; 60:
549-553

Shaw S. Lipid peroxidation, iron mobilization and radical
generation induced by alcohol. Free Radic Biol Med 1989; 7:
541-547

Tsuji N, Watanabe N, Okamoto T, Niitsu Y. Specific interac-
tion of pancreatic elastase and leucocytes to produce oxygen
radicals and its implication in pancreatitis. Gut 1994; 35:
1659-1664

Babior BM. Phagocytes and oxidative stress. Am | Med 2000;
109: 33-44

Janero DR. Malondialdehyde and thiobarbituric acid-reactiv-
ity as diagnostic indices of lipid peroxidation and peroxida-
tive tissue injury. Free Radic Biol Med 1990; 9: 515-540

Weber H, Merkord J, Jonas L, Wagner A, Schroder H, Kad-
ing U, Werner A, Dummler W. Oxygen radical generation
and acute pancreatitis: effects of dibutyltin dichloride/etha-

341

Shahedi K et a/. Oxidative Stress Alcoholic Pancreatitistis

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

nol and ethanol on rat pancreas. Pancreas 1995; 11: 382-388
Altomare E, Grattagliano I, Vendemiale G, Palmieri V, Palas-
ciano G. Acute ethanol administration induces oxidative
changes in rat pancreatic tissue. Gut 1996; 38: 742-746

Wittel UA, Bachem M, Siech M. Oxygen radical production
precedes alcohol-induced acute pancreatitis in rats. Pancreas
2003; 26: e74-e80

Palmieri VO, Grattagliano I, Palasciano G. Ethanol induces
secretion of oxidized proteins by pancreatic acinar cells. Cell
Biol Toxicol 2007; 23: 459-464

Andican G, Gelisgen R, Unal E, Tortum OB, Dervisoglu S,
Karahasanoglu T, Burcak G. Oxidative stress and nitric ox-
ide in rats with alcohol-induced acute pancreatitis. World |
Gastroenterol 2005; 11: 2340-2345

Norton ID, Apte MV, Lux O, Haber PS, Pirola RC, Wilson JS.
Chronic ethanol administration causes oxidative stress in
the rat pancreas. | Lab Clin Med 1998; 131: 442-446

Aleynik SI, Leo MA, Aleynik MK, Lieber CS. Alcohol-
induced pancreatic oxidative stress: protection by phospho-
lipid repletion. Free Radic Biol Med 1999; 26: 609-619

McKim SE, Uesugi T, Raleigh JA, McClain CJ, Arteel GE.
Chronic intragastric alcohol exposure causes hypoxia and
oxidative stress in the rat pancreas. Arch Biochem Biophys
2003; 417: 34-43

Kono H, Nakagami M, Rusyn I, Connor HD, Stefanovic B,
Brenner DA, Mason RP, Arteel GE, Thurman RG. Devel-
opment of an animal model of chronic alcohol-induced
pancreatitis in the rat. Am | Physiol Gastrointest Liver Physiol
2001; 280: G1178-G1186

Iimuro Y, Bradford BU, Gao W, Kadiiska M, Mason RP, Ste-
fanovic B, Brenner DA, Thurman RG. Detection of alpha-
hydroxyethyl free radical adducts in the pancreas after
chronic exposure to alcohol in the rat. Mol Pharmacol 1996;
50: 656-661

Hu R, Wang YL, Edderkaoui M, Lugea A, Apte MV, Pandol
SJ. Ethanol augments PDGF-induced NADPH oxidase activ-
ity and proliferation in rat pancreatic stellate cells. Pancre-
atology 2007; 7: 332-340

Masamune A, Watanabe T, Kikuta K, Satoh K, Shimosegawa
T. NADPH oxidase plays a crucial role in the activation of
pancreatic stellate cells. Am | Physiol Gastrointest Liver Physi-
0l 2008; 294: G99-G108

Masamune A, Kikuta K, Satoh M, Satoh A, Shimosegawa T.
Alcohol activates activator protein-1 and mitogen-activated
protein kinases in rat pancreatic stellate cells. ] Pharmacol
Exp Ther 2002; 302: 36-42

Apte MV, Phillips PA, Fahmy RG, Darby SJ, Rodgers SC, Mc-
Caughan GW, Korsten MA, Pirola RC, Naidoo D, Wilson
JS. Does alcohol directly stimulate pancreatic fibrogenesis?
Studies with rat pancreatic stellate cells. Gastroenterology
2000; 118: 780-794

Oruc N, Ozutemiz AO, Yukselen V, Nart D, Celik HA, Yuce G,
Batur Y. Infliximab: a new therapeutic agent in acute pan-
creatitis? Pancreas 2004; 28: e1-e8

Van Gossum A, Closset P, Noel E, Cremer M, Neve J. Defi-
ciency in antioxidant factors in patients with alcohol-related
chronic pancreatitis. Dig Dis Sci 1996; 41: 1225-1231
Szuster-Ciesielska A, Daniluk J, Kandefer-Szerszenn M. Oxi-
dative stress in blood of patients with alcohol-related pan-
creatitis. Pancreas 2001; 22: 261-266

Verlaan M, Roelofs HM, van-Schaik A, Wanten G]J, Jansen
JB, Peters WH, Drenth JP. Assessment of oxidative stress in
chronic pancreatitis patients. World | Gastroenterol 2006; 12:
5705-5710

Casini A, Galli A, Pignalosa P, Frulloni L, Grappone C, Mi-
lani S, Pederzoli P, Cavallini G, Surrenti C. Collagen type
I synthesized by pancreatic periacinar stellate cells (PSC)
co-localizes with lipid peroxidation-derived aldehydes in
chronic alcoholic pancreatitis. | Pathol 2000; 192: 81-89

Uden S, Bilton D, Nathan L, Hunt LP, Main C, Braganza JM.

© 2013 Thomson research. All rights reserved.



Shahedi K ef a/, Oxidative Stress Alcoholic Pancreatitistis

74

75

76

77

78

Antioxidant therapy for recurrent pancreatitis: placebo-
controlled trial. Aliment Pharmacol Ther 1990; 4: 357-371
Uden S, Schofield D, Miller PF, Day JP, Bottiglier T, Braganza
JM. Antioxidant therapy for recurrent pancreatitis: biochem-
ical profiles in a placebo-controlled trial. Aliment Pharmacol
Ther 1992; 6: 229-240

Bhardwaj P, Garg PK, Maulik SK, Saraya A, Tandon RK,
Acharya SK. A randomized controlled trial of antioxidant
supplementation for pain relief in patients with chronic
pancreatitis. Gastroenterology 2009; 136: 149-159.e2

Burton F, Alkaade S, Collins D, Muddana V, Slivka A, Brand
RE, Gelrud A, Banks PA, Sherman S, Anderson MA, Ro-
magnuolo J, Lawrence C, Baillie J, Gardner TB, Lewis MD,
Amann ST, Lieb JG, O'Connell M, Kennard ED, Yadav D,
Whitcomb DC, Forsmark CE. Use and perceived effective-
ness of non-analgesic medical therapies for chronic pancre-
atitis in the United States. Aliment Pharmacol Ther 2011; 33:
149-159

Bansal D, Bhalla A, Bhasin DK, Pandhi P, Sharma N, Rana
S, Malhotra S. Safety and efficacy of vitamin-based antioxi-
dant therapy in patients with severe acute pancreatitis: a
randomized controlled trial. Saudi | Gastroenterol 2011; 17:
174-179

Sateesh ], Bhardwaj P, Singh N, Saraya A. Effect of antioxi-
dant therapy on hospital stay and complications in patients

342

79

80

81

82

with early acute pancreatitis: a randomised controlled trial.
Trop Gastroenterol 2009; 30: 201-206

Shah NS, Makin A]J, Sheen AJ, Siriwardena AK. Quality of life
assessment in patients with chronic pancreatitis receiv-
ing antioxidant therapy. World | Gastroenterol 2010; 16:
4066-4071

Siriwardena AK, Mason JM, Balachandra S, Bagul A, Gal-
loway S, Formela L, Hardman JG, Jamdar S. Randomised,
double blind, placebo controlled trial of intravenous anti-
oxidant (n-acetylcysteine, selenium, vitamin C) therapy in
severe acute pancreatitis. Gut 2007; 56: 1439-1444

Virlos IT, Mason J, Schofield D, McCloy RF, Eddleston JM,
Siriwardena AK. Intravenous n-acetylcysteine, ascorbic
acid and selenium-based anti-oxidant therapy in severe
acute pancreatitis. Scand | Gastroenterol 2003; 38: 1262-1267
Kirk GR, White ]S, McKie L, Stevenson M, Young I, Cle-
ments WD, Rowlands B]. Combined antioxidant therapy
reduces pain and improves quality of life in chronic pan-
creatitis. ] Gastrointest Surg 2006; 10: 499-503

peer reviewer: Minoti Apte, PhD, Professor, Pancreatic Research
Group, University of New South Wales, Level 4, Health Services
Building, Liverpool Hospital, Liverpool NSW 2170, the United
Kingdom.

© 2013 Thomson research. All rights reserved.



