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Abstract
AIM: To reappraise the hypothesis of xenobiotic in-
duced, cytochrome P450-mediated, micronutrient-defi-
cient oxidative injury in chronic pancreatitis.

METHODS: Individual searches of the Medline and 
Embase databases were conducted for each component 
of the theory of oxidative-stress mediated cellular injury 
for the period from 1st January 1990 to 31st December 
2012 using appropriate medical subject headings. Bool-
ean operators were used. The individual components 
were drawn from a recent update on theory of oxidative 
stress-mediated cellular injury in chronic pancreatitis.

RESULTS: In relation to the association between expo-
sure to volatile hydrocarbons and chronic pancreatitis 
the studies fail to adequately control for alcohol intake. 
Cytochrome P450 (CYP) induction occurs as a diffuse 
hepatic and extra-hepatic response to xenobiotic ex-
posure rather than an acinar cell-specific process. GSH 
depletion is not consistently confirmed. There is good 
evidence of superoxide dismutase depletion in acute 
phases of injury but less to support a chronic intra-
acinar depletion. Although the liver is the principal site 

SYSTEMATIC REVIEW

Online Submissions: http://www.wjgnet.com/esps/
bpgoffice@wjgnet.com
doi:10.3748/wjg.v20.i11.3033

3033 March 21, 2014|Volume 20|Issue 11|WJG|www.wjgnet.com

World J Gastroenterol  2014 March 21; 20(11): 3033-3043
 ISSN 1007-9327 (print)  ISSN 2219-2840 (online)

© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.

of CYP induction there is no evidence to suggest that 
oxidative by-products are carried in bile and reflux into 
the pancreatic duct to cause injury.

CONCLUSION: Pancreatic acinar cell injury due to 
short-lived oxygen free radicals (generated by injury me-
diated by prematurely activated intra-acinar trypsin) is 
an important mechanism of cell damage in chronic pan-
creatitis. However, in contemporary paradigms of chronic 
pancreatitis this should be seen as one of a series of 
cell-injury mechanisms rather than a sole mediator.

© 2014 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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Core tip: This review systematically appraises the evi-
dence for the key components of the hypothesis of 
environmental xenobiotic exposure leading to induction 
of the cytochrome P450 (CYP) system in the pancreatic 
acinar cell and in turn compromising the free radical 
quenching pathway in chronic pancreatitis. The central 
components of the hypothesis of xenobiotic-induced, 
micronutrient-deficient oxidative-stress mediated cell 
injury in chronic pancreatitis: xenobiotic exposure caus-
ing CYP induction, acinar CYP induction and hepatocyte 
mediated CYP by-products causing acinar injury by bile 
reflux do not withstand objective scrutiny.
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INTRODUCTION
The oxidative stress hypothesis proposed that cellular 
injury in chronic pancreatitis (CP) originated at the level 
of  the acinar cell and was principally mediated by short-
lived oxygen-derived free radicals[1]. The hypothesis stated 
that these oxygen-derived free radicals were produced as 
a result of  an imbalance between the processes produc-
ing these agents and those involved in de-activating or 
quenching them[1]. The endogenous peptide glutathione-
{(2S)-2-amino-4-{[(1R)-1-[(carboxymethyl) carbamoyl]-
2-sulfanylethyl] carbamoyl} butanoic acid} (GSH) is a 
central mediator in this model[2]. GSH is synthesized in 
the cytosol of  all mammalian cells in a highly regulated 
manner[3]. The major determinants of  GSH synthesis are 
the availability of  cysteine and the activity of  the rate-
limiting enzyme, glutamate cysteine ligase (GCL)[3]. The 
sulfhydryl (thiol) group (SH) of  cysteine serves as a pro-
ton donor and is responsible for the biological activity of  
glutathione[3].

The model for the aetiology and pathogenesis of  
chronic pancreatitis proposed by Braganza is multi-fac-
eted and proposes that chronic exposure to xenobiotics, 
either through dietary imbalance, ingested toxins (such as 
alcohol) or inhaled toxins (such as volatile hydrocarbons) 
leads to chronic induction of  both hepatic and pancre-
atic acinar cytochrome P450 (CYP)[1]. In the setting of  
chronic pancreatitis, CYP-mediated production of  toxic 
metabolites then results in a disturbance of  the equilib-
rium of  endogenous oxidant quenching pathways and the 
resultant overwhelming of  these pathways leads to unbal-
anced oxygen-free radical activity and acinar injury[4].

In their model, they propose that pancreatic acinar 
cells are susceptible to oxidant injury mediated by CYP-
generated oxidative metabolites as there is a dearth of  
glutathione transferase in these cells, very little copper su-
peroxide dismutase (required for free radical scavenging) 
and that the pool of  cysteine is small[1].

Evidence in support of  this model came from the 
demonstration that patients with chronic pancreatitis had 
increased serum/plasma levels of  free radical oxidation 
products but lower levels of  precursor methionine, thiols 
and glutathione[5,6]. Further, there was evidence that the 
dietary intake of  some patients with CP was deficient 
in selenium, methionine and vitamin C, key cofactors in 
these transulfuration pathways[7].

A logical completion of  this paradigm was the de-
velopment of  antioxidant therapy - a pharmacological 
preparation containing methionine, vitamin C, vitamin E 
and selenium designed to restore these critical co-factors 
to patients with CP[5,6]. Following clinical evaluation in 
Manchester UK, antioxidant therapy was introduced into 
regular clinical practice in that city initiating a polarisation 
of  practice in pancreatology and a long-running debate 
which remains on-going, with the central question being 
whether antioxidant therapy is effective for pain control 
in chronic pancreatitis[8]. Proponents argued that positive 
clinical trials continued to accrue from outside Man-
chester[9-11]. Opponents argued that the evidence-base 

remained small (Neoptolemos JP - personal communica-
tion). To address this problem, the Manchester group 
recently conducted and reported the largest randomized 
controlled trial of  antioxidant therapy for treatment of  
pain in chronic pancreatitis - the ANTICIPATE study[12]. 
In this, 356 patients with CP were screened for eligibil-
ity, 92 randomised and 70 completed intervention with 6 
mo of  antioxidant therapy with antox version 1.2 (Phar-
manord, Morpeth, United Kingdom) or matched pla-
cebo. Unique features of  trial design were that the study 
focused exclusively on patients with radiological and 
clinical evidence of  chronic pancreatitis but not solely on 
patients with end-stage disease. In keeping with modern 
trial design the study assessed treatment-related quality of  
life and both self-reported and clinician-assessed pain-re-
lated endpoints[13]. At the end of  a 6 mo period of  inter-
vention with either drug or placebo there was no differ-
ence in the primary endpoint of  abdominal pain assessed 
on an 11-point numerical rating scale with this finding 
being under-pinned by the absence of  any difference in 
secondary endpoints of  pain assessed by pain diaries or 
in quality of  life assessed by validated questionnaires[12]. 
However, blood and plasma antioxidant levels were sig-
nificantly elevated in patients in the antioxidant arm[12]. 
Although ANTICIPATE is the largest study of  antox 
in chronic pancreatitis to date valid criticisms related to 
the inclusion of  patients with prior pancreatic interven-
tion and possibly also to the lack of  screening for opiate 
addiction[14]. However, a striking finding is that the lack 
of  benefit of  antioxidant therapy seen in ANTICIPATE 
was also observed in patients with alcohol-related chronic 
pancreatitis in the large randomised trial from Delhi[15]. 

The Indian study used “reduction in painful days” as 
a primary endpoint and after 3 mo of  intervention the 
mean difference between placebo and antioxidant groups 
was not significant for individuals with alcohol-induced 
chronic pancreatitis[15]. This clinical debate is likely to 
continue at least until the report of  the currently on-
going EUROPAC study evaluating antox in hereditary 
and idiopathic chronic pancreatitis[16].

However, these studies change the landscape of  
clinical evidence and the aim of  the present study is to 
undertake a re-appraisal of  the validity of  the hypothesis 
of  xenobiotic induced, CYP-mediated, micronutrient de-
ficient oxidative injury in chronic pancreatitis, to integrate 
this hypothesis into current paradigms of  the aetiology 
and pathogenesis of  chronic pancreatitis and to provide 
direction for any future clinical evaluation of  antioxidant 
therapy in this complex disease.

MATERIALS AND METHODS
Literature search strategy
The optimum structure for assessing the individual com-
ponents of  the oxidative stress hypothesis is to undertake 
a series of  discrete searches. In order to do this, the com-
ponents of  the theory of  oxidative-stress mediated cel-
lular injury were isolated into the key elements proposed 

3034 March 21, 2014|Volume 20|Issue 11|WJG|www.wjgnet.com

Siriwardena AK. Oxidative stress and chronic pancreatitis



by its authors. These components were drawn from a 
recent update on theory of  oxidative stress-mediated cel-
lular injury in chronic pancreatitis[1]: (1) Evidence that the 
inhalational route of  xenobiotic entry allows for a “direct 
strike” to the pancreas; (2) Evidence for acinar cell induc-
tion of  cytochrome P450 (CYP) in chronic pancreatitis; 
(3) Evidence that glutathione transferase is deficient in 
acinar cells in chronic pancreatitis; (4) Evidence that cop-
per superoxide dismutase is deficient in acinar cells in 
chronic pancreatitis; (5) Evidence that CYP induction in 
hepatocytes leads to exposure of  pancreatic acinar cells to 
oxidative stress by-products in chronic pancreatitis; and (6) 
Evidence that exogenous (dietary or medicinal) supple-
mentation with antioxidants has a modulating effect on 
pancreatic injury in experimental chronic pancreatitis. It 
is accepted that there may be other components or facets 
of  the theory but the features which are actively promot-
ed as being central to the hypothesis are listed above.

For each individual component, a search of  the Med-
line and Embase databases together with the web of  
knowledgeSM was undertaken for the period from 1st Jan-
uary 1990 to 31st December 2012 using appropriate medi-
cal subject headings which are listed individually below. 
Boolean operators were used to ensure that variations in 
key words were captured in the searches. Searches were 
restricted to articles in the English language. Experimen-
tal evidence was included only in relation to the final 
category (evidence that exogenous supplementation with 
antioxidants modulates pancreatic injury). For all other 
categories, searches were restricted to clinical studies. 
Case reports, reviews, duplicate reports and papers not 
providing original data were not included. Abstracts of  
all papers identified in each search were reviewed and full 
papers of  all potentially relevant articles were retrieved. 
Additional manuscripts were also identified from the bib-
liography of  these reviewed papers. Data were extracted 
from the full paper by one individual. As the majority of  
the evidence is at the level of  clinical case series, formal 
assessments for bias were not possible. Where there are 
potential sources of  bias or distortion, these are individu-
ally highlighted. No pooling of  data in the form of  meta-
analysis is undertaken in this study.

Individual component searches
Search 1: Inhalational xenobiotics and chronic pan-
creatitis: The search terms “inhalational xenobiotics”, 
“xenobiotics”, “chronic pancreatitis” and “pancreatitis” 
(All fields) yielded 26 articles. No additional articles were 
found after secondary searches using these words as topic 
headings in web of  knowledge. After exclusion of  re-
views and articles relating to acute pancreatitis there were 
three studies which examined the association between 
xenobiotic exposure and chronic pancreatitis.

Search 2: Acinar cell induction of  cytochrome P450 
and chronic pancreatitis: The search terms “cyto-
chrome P450” and chronic pancreatitis yielded 39 articles 
of  which 34 were within the time limits of  the search. 
The following were excluded: 9 reviews, 1 article on pan-

creatic cancer, 3 experimental studies, 4 on aspects un-
related to acinar cytochrome induction. No additional 
articles were found on secondary searches in web of  
knowledge using the topic terms “cytochrome P450” and 
“chronic pancreatitis”.

Search 3: Glutathione transferase deficiency and chron-
ic pancreatitis: The search terms “glutathione s-transferase” 
and “chronic pancreatitis” yielded 19 articles in PubMed and 
26 when used as topic terms in web of  knowledge (the ad-
ditional articles in web of  knowledge related either to liver 
disease or to pancreatic cancer).

Search 4: Copper superoxide dismutase deficiency and 
chronic pancreatitis: The search terms “super oxide dis-
mutase” and “chronic pancreatitis” yielded 38 articles. 
Fourteen related to experimental studies, 3 to cancer and 
2 to acute pancreatitis. Not all of  the remaining 19 ad-
dressed the question of  superoxide dismutase deficiency 
in chronic pancreatitis. When secondary searches were un-
dertaken in web of  knowledge no additional articles were 
found.

Search 5: CYP induction in hepatocytes and exposure 
of  pancreatic acinar cells to oxidative stress by-prod-
ucts: The search terms “hepatocyte”, “cytochrome P450” 
and “chronic pancreatitis” yielded 3 articles. No addi-
tional articles were found by secondary searches in web 
of  knowledge. Only one of  these 3 articles addressed 
the relationship between hepatocyte-derived agents and 
chronic pancreatitis.

Search 6: Antioxidant supplementation and modulation 
of  pancreatic injury in experimental chronic pancreati-
tis: The terms “antioxidant” and “experimental chronic 
pancreatitis” were first assessed and yielded 34 articles in 
PubMed and 35 in web of  knowledge. Examined in detail, 
the 34 citations in PubMed included 8 reviews, 8 studies 
on experimental acute pancreatitis, 5 studies on mecha-
nism of  disease in chronic pancreatitis, 4 clinical studies, 
1 article in Russian and 1 on liver disease. The additional 
study identified in web of  knowledge was retrieved and a 
total of  8 studies of  various antioxidants or antioxidant-
like interventions in experimental chronic pancreatitis were 
examined. Broader search criteria such as “animal models 
of  chronic pancreatitis” yielded 332 articles including 
further intervention studies but it is not clear whether the 
interventions target oxidative injury and thus the more re-
strictive criteria were adopted for this study, accepting that 
not all relevant articles may have been captured.

Clinical trials of  antioxidant supplementation in chron-
ic pancreatitis have not been included in this re-appraisal a 
they have been summarised extensively elsewhere[1,5-7,9-11].

RESULTS
Evidence that the inhalational route of xenobiotic entry 
allows for a “direct strike” to the pancreas
Occupational exposure to hydrocarbons was proposed 
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donors (on a 4 point scale from “no stain” to “intense”). 
With respect to pancreatic acini, this increase was seen 
in CYP-450 Ⅲ A1, CYP-450 IA2 and NADPH P-450 
reductase (Table 1). This phenomenon was not specific 
to the chronic pancreatitis patients but was also seen in 
pancreatic cancer and was also seen in hepatocytes and 
pancreatic islets. There was no functional correlate of  
this immunostaining.

Wacke’s study builds on these findings of  cytochrome 
induction in specimens from patients with chronic pan-
creatitis by assessing the functional ability of  microsomal 
fractions (containing 200 µg protein) from normal pancre-
ata and chronic pancreatitis patients to undertake oxidative 
biotransformation of  verapamil[21]. This study also shows 
increased immunostaining - both in terms of  numbers of  
cells and also in terms of  intensity for cytochrome P450 
enzymes in tissues from chronic pancreatitis. There are 
differences between Foster’s findings and those of  Wacke 
which are attributed by the later authors to the different 
antibodies used as Foster’s study used antibodies raised 
against rat liver whereas the later study used recombinant 
human antibodies. Wacke demonstrated increased vera-
pamil biotransformation to norverapamil in microsomal 
fractions taken from chronic pancreatitis tissue[21]. Similar 
increases in pancreatic cytochrome P450 expression were 
shown in a separate study by Standop et al[22] although they 
showed more expression in islets than in pancreatic acinar 
cells.

Over the last 20 years, there have been important pro-
gressions in knowledge of  cytochrome P450 enzymes. 
Humans have 57 genes divided amongst 18 families of  
cytochrome P450 genes[23]. Fifteen human CYPS (all from 
the CYP1, CYP2 and CYP3 families) are known to be 
involved in xenobiotic metabolism, with a central role in 
phas Ⅰ drug metabolism[23]. In man, the principle members 
of  the CYP1 family are CYP1A1, 1A2 and 1B1[23]. Consti-
tutive expression is very low but is inducible by exposure 
to aromatic hydrocarbons. The CYP2 family contribute 
to xenobiotic metabolism of  drugs and alcohol. Cur-
rent knowledge indicates that CYP 2E1 is predominantly 
responsible for alcohol metabolism[24]. The CYP3 family 
constitutes 3 members in humans and is predominantly 
involved in drug metabolism[25]. Current knowledge also 
includes awareness of  transcriptional regulation of  cyto-
chrome P450 function, functional polymorphisms at CYP 
gene loci, potentially relevant knowledge of  the propensity 
for acinar cells to trans-differentiate under certain condi-
tions such as chronic glucocorticoid exposure to assume 
hepatocyte characteristics and evidence of  substantial 
inter-species variation in expression patterns of  these en-
zymes[26-29]. Consistent findings include the dominance of  
islet expression of  cytochromes over acinar expression and 
the independence of  CYP 450 signalling from regulation 
by cytosolic calcium[29-31].

Evidence that glutathione transferase is deficient in 
acinar cells in chronic pancreatitis
GST family of  enzymes are a diverse family of  dimeric pro-
teins found principally in the cytoplasm where they have a 

as a risk factor for chronic pancreatitis with these com-
pounds hypothesised as inducers of  phase Ⅰ CYP 450 in 
the pancreas and liver. McNamee undertook a case con-
trol study comparing likely hydrocarbon exposure in 102 
patients with chronic pancreatitis to 204 age and gender-
matched reference cases[17]. This remains to date, the 
only study of  its kind. The reference cases were selected 
as they lived in the same localities as the index cases and 
thus could be hypothesised to have similar environmental 
hydrocarbon exposure (although occupational exposure 
would potentially be different). A potential methodologi-
cal limitation of  the study is that it uses a previously 
unreported and unvalidated “exposure to hydrocarbon” 
score which categorises exposure into discrete groups: 
“zero”, “low” and “high”.

The main findings were that 56 (55%) of  cases and 
81 (40%) of  controls had a hydrocarbon exposure score 
of  > zero. McNamee reported an OR for hydrocarbon 
exposure in cases with chronic pancreatitis compared to 
controls of  2.21 (90%CI: 1.38-3.53). It should be noted 
that 48 (47%) of  the cases consumed alcohol to excess 
(≥ 50 units per week for men, ≥ 35 units per week for 
women) compared to only 44 (22%) of  the controls[17].

In a more modern study, Jeppe and Smith examined 
xenobiotic exposure in patients undergoing surgery for 
chronic pancreatitis in Johannesburg, South Africa[18]. 
Their findings are similar to those of  McNamee. Al-
though 86 (77%) of  their 112 patients had been exposed 
to hydrocarbons in the form of  burning firewood and 
coal, 104 (93%) consumed alcohol with 44 (39%) taking 
this daily[18].

Segal and colleagues demonstrated that alcohol intake 
was higher in 21 patients with alcoholic psychosis than 14 
controls with chronic pancreatitis[19]. Patients with CP had 
higher scores for exposure to occupational xenobiotics 
than alcoholics. No causal relationship was demonstrated 
between hydrocarbon exposure and chronic pancreatitis.

Evidence for acinar cell induction of CYP in chronic 
pancreatitis
A mainstay of  the original concept of  oxidative stress-
mediated injury was a recognition that the pancreas 
was one of  the extrahepatic sites of  production of  
cytochrome P450[1]. Chronic exposure to xenobiotics, 
either in the form of  ingested toxins such as alcohol or 
inhaled volatile chemicals was hypothesised as leading 
to CYP induction. In turn, CYP metabolism led to the 
intra-acinar generation of  toxic free radicals[1]. Braganza’
s group provided early evidence to substantiate this hy-
pothesis in a study examining immunohistochemical pat-
terns of  expression of  four phase Ⅰ drug-metabolizing 
enzymes (cytochromes P-450 ⅢA1, P-450 ⅡE, P-450 Ⅰ
A2, and NADPH cytochrome P-450 reductase) and one 
phase Ⅱ enzyme [glutathione S-transferase (GST) 5-5] 
in normal donor pancreata and pancreatic tissue from six 
patients with chronic pancreatitis and a further six with 
pancreatic cancer[20]. They categorised their results ac-
cording to those cytochromes were there was more than 
50% increase in immunostaining compared to normal 
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central role in phase Ⅱ xenobiotic metabolism[32]. The oxi-
dative stress hypothesis proposed that in contrast to induc-
tion of  CYPs in chronic pancreatitis there was a reduction 
in acinar GSTs thus leading to failure of  detoxification[1].

Ulrich et al[33] studied immunohistochemical staining 
for glutathione S-transferase-π (pi) in normal pancreata 
and chronic pancreatitis. There was no immunostaining 
in acinar cells from either normal pancreata or chronic 
pancreatitis[33]. In contrast, there was increased staining in 
the islets of  patients with chronic pancreatitis compared 
to normal. From this evidence, the authors concluded 
that “toxic substances have a role in the genesis of  CP 
and suggest an important role of  the islet cells in protect-
ing the exocrine pancreas”[33]. The mechanisms whereby 
increased islet GST protects pancreatic acinar cells is un-
clear.

These authors then went on to examine whether the in-
creased number of  islet cells expressing GST-π and the ab-
sence in the acinar cells are compensated for by other GST 
iso-enzymes. They investigated the expression of  GST-α 
and GST-µ in the same specimens and found no significant 
differences between normal and chronic pancreatitis. 

Foster’s original study, which examined immunohis-
tochemical expression of  glutathione S-transferase 5-5 
showed that staining was preserved in chronic pancreati-
tis as compared to normal[20].

Integrating this information into an increasingly com-
plex picture, it seems difficult to argue a case for GST de-
ficiency when the findings simply demonstrate that there 
was no difference in expression pattern between normal 
and chronic pancreatitis.

Evidence that copper superoxide dismutase is deficient 
in acinar cells in chronic pancreatitis
Superoxide dismutase (SOD) are enzymes that catalyze 
the dismutation of  superoxide into oxygen and hydrogen 
peroxide and are important antioxidant mechanisms[34]. 

There are three major families of  superoxide dismutase, 
depending on the metal cofactor: copper/zinc (Cu/Zn) 
(which binds both copper and zinc), Iron (Fe) and man-
ganese (Mn) types (which bind either iron or manganese), 
and the Ni type, which binds nickel[34].

Intra-acinar deficiency of  SOD was the fourth pillar of  
the hypothesis of  oxidative stress-mediated cellular injury[1]. 
The evidence for this was from Hausmann’s study which 
showed that although levels of  Cu/Zn SOD were elevated 
in the pancreatic juice of  patients with chronic pancreatitis, 
acinar levels detected by immunostaining were very low[35]. 
Milnerowicz conducted similar studies more recently but 
measured zinc, copper, metallothionein and Cu/Zn su-
peroxide dismutase activity[34]. Elevated serum Cu levels 
together with a significant increase of  Cu/Zn superoxide 
dismutase activity was observed in the blood of  patients 
with chronic pancreatitis and chronic pancreatitis. In slices 
of  the pancreas during pancreatitis, they observed variable 
immunohistochemical staining for Cu/Zn SOD[34].

Current knowledge of  the genetics of  superoxide 
dismutase acknowledge genetic variations in expression 
leading to variation in function[36]. Although relating to 
acute pancreatitis, Abu-Hilal et al[37] demonstrated that the 
erythrocyte content of  superoxide dismutase was reduced 
during the clinical course of  acute pancreatitis[37]. In an 
experimental model, superoxide dismutase knockout 
(SOD -/-) resulted in mice that were more susceptible to 
cerulein-induced pancreatic injury[38]. Finally, in an elegant 
study (again in experimental acute pancreatitis) Cuzzocrea 
et al[39] demonstrated that intervention with a superoxide 
dismutase mimetic M40401, attenuated pancreatic and 
remote organ injury.

Evidence that CYP induction in hepatocytes leads to 
exposure of pancreatic acinar cells to oxidative stress 
by-products in chronic pancreatitis
Xenobiotic exposure at the hepatocyte level leads to in-

Table 1  Evidence for cytochrome induction in pancreatic acinar cells in chronic pancreatitis

Ref. Cytochrome Method of assessment Histologic 
verification

Increased expression 
in acinar cell

Functional correlate

Foster et al[20] CYP 3A1 Immunohistochemical staining > 50% 
of healthy donor

No CYP 3A1 No
CYP 2E CYP1A2 
CYP1A2 NADPH 4501

NADPH 4501

Glutathione
Wacke et al[21] CYP1A1 No of cases having high ratios 

compared to control
Yes CYP1A12 Yes 

(verapamil biotransformation)CYP1A2 CYP1A2
CYP2C9 CYP2E1
CYP2E1 CYP 3A12

CYP3A1
Standop et al[22] CYP1A1, 2 Differences in frequency of 

immunopositivity between normal, CP 
and cancer

Yes CYP1A No
2B6 CYP 2B6

2C 8/9/19 CYP 2C8/9/19
2D6 2D6

2.00E + 01 NA-OR
3A4

NA-OR

1NADPH cytochrome P 450 reductase; 2Expression similarly increased in normal non-diseased controls. CYP: Cytochrome P450; NA-OR: NADPH oxio re-
ductase.
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duction of  phase Ⅰ cytochrome P450 xenobiotic-metab-
olising enzymes. As the hepatocytes are quantitatively the 
predominant source of  CYP 450 in man, Braganza pro-
posed that their oxidant by-products may contribute to 
pancreatic injury by passage along the bile duct and reflux 
into the pancreatic duct. This theory led to the highly id-
iosyncratic operation of  bile duct ligation to divert bile in 
patients with chronic pancreatitis[40]. Even 20 years after 
these operations, it is of  concern that the report makes 
no mention of  any institutional or regional ethics review 
prior to subjecting these patients to surgery. In the two 
patients reported in this index study, attacks of  pancreatic 
pain continued after the surgery. There is little doubt that 
biliary diversion in man has no role to play in modulating 
episodes of  pancreatic pain in chronic pancreatitis.

Evidence that exogenous (dietary or medicinal) 
supplementation with antioxidants has a modulating 
effect on pancreatic injury in experimental chronic 
pancreatitis
The difficulty in assessing the effect of  antioxidant inter-
vention in experimental chronic pancreatitis lies partly in 
the difficulty of  reproducing this disease in animal mod-
els[41]. In particular, there has historically been a dearth of  
reproducible models of  visceral pain in chronic pancre-
atitis[42]. These difficulties are reflected in the heterogene-
ity of  animal models of  chronic pancreatitis (Table 2).

Gómez et al[43] used cyclosporin A to transform the 
acute pancreatic injury produced by caerulein injection to 
a more chronic form characterised by acinar loss and fi-
brosis. Oxidative stress was present in this model as mea-
sured by increased levels of  thiobarbituric acid-reactive 
substance and 8-isoprostanes after induction of  pancre-
atitis. There was also increased fibrosis as measured by an 
increase in transforming growth factor-β (TGF-β). This 
combination of  inflammation and fibrosis is regarded 
as a mimic for human chronic pancreatitis. Intervention 
with vitamin E reduced lipoperoxidation, TGF-β bio-
activity and increased myofibroblast apoptosis leading to 
a reduction in pancreatic injury and fibrosis[43].

Yoo et al[44] reported similar improvements in a murine 
chronic pancreatitis model following intervention with 
DA-9601, a novel phytochemical agent. de Las Heras-
Castaño et al[45] also used the rat caerulein/cyclosporine 
model and demonstrated that intervention with com-
pound antioxidant therapy similar to the combinations 
used in clinical practice was associated with a reduction in 
pancreatic fibrosis and reduction in glutathione peroxidase 
but no difference in antioxidant status. Mas et al[46] report-
ed that taurine reduced pancreatic fibrosis in a model of  
CP produced by intraductal infusion of  TNBS and con-
cluded that “Antioxidant treatment might be considered a 
novel option to alleviate the fibrotic process in CP”. Other 
interventions associated with a favourable outcome in the 
treatment group compared to animals with experimental 
chronic pancreatitis include ascorbic acid[47], pravastatin[48], 
α-tocopherol[49,50] and taurine[51].

Difficulties in interpreting these studies are that the 

effects of  many of  the intervention agents are pleomor-
phic with antioxidant, anti-inflammatory and anti-fibrotic 
properties. Table 2 also illustrates the relatively short time 
course of  these models and the difficulties inherent in 
extrapolating to the clinical setting. An overview would 
suggest that experimental antioxidant-type interventions 
are able to target pancreatic inflammatory pathways and 
modulate pancreatic injury.

DISCUSSION
This study undertakes a re-appraisal of  the evidence for 
the hypothesis of  xenobiotic-induced, micronutrient de-
ficient, oxidative stress-mediated cellular injury in chronic 
pancreatitis. This reassessment is timely in light of  the 
difference in findings between the ANTICIPATE study 
of  antox in chronic pancreatitis and the earlier study 
from India. Although these differences have been care-
fully and critically examined[52], the underlying hypothesis 
has not been critically re-appraised since its introduction 
in the 1980s. Thus before any further studies of  antioxi-
dant therapy are undertaken it is necessary to re-assess 
the hypothesis and in particular to integrate this model 
into contemporary paradigms of  chronic pancreatitis.

Two important areas of  potential bias should be con-
sidered. First, it is accepted that the narrative structure 
of  the review could be regarded as a potential limitation 
as manuscript inclusion and exclusion could be subject 
to unreported bias. However, this is style of  review is 
necessary given the relatively limited volume of  evidence 
and the fact that many of  the key articles are over 30 
years old. It is thought that all major evidence has been 
cited. A second potential bias that should be discussed 
revolves around the antagonistic interpretation often 
generated by this hypothesis. Specifically, would an ar-
ticle from the current Manchester group adopt a biased 
stance? It should be remembered that the current group 
conducted the ANTICIPATE study which is the largest 
intervention trial of  antox-based antioxidant therapy in 
chronic pancreatitis. The group have credibility in design 
and execution of  balanced clinical trials in this area[53] but 
equally need to undertake due diligence in appraising the 
evidence in a constructive fashion before embarking on 
further clinical trials[54].

Interpreting the results bearing these potential limi-
tations in mind, the first element of  the hypothesis to 
consider is that of  a causal association between exposure 
to inhalational xenobiotics and chronic pancreatitis[1]. Sev-
eral important facts emerge. First, it is clear that there are 
few studies to examine this question. Second, the types 
of  volatile hydrocarbon (if  any) associated with pancre-
atic injury are unclear. Third, the key finding is that the 
studies fail to adequately control for alcohol intake. For 
example, in the McNamee study 48 (47%) of  the cases 
consumed alcohol to excess (≥ 50 units for men, ≥ 
35 units for women) compared to only 44 (22%) of  the 
controls[17]. For sake of  balance, it should be pointed out 
that in a review, Braganza et al[55] cited several instances 
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of  patients with pain related to exposure to occupational 
hydrocarbons whose symptoms settled on avoidance but 
returned on re-exposure. At the least, these findings re-
quire independent, large scale validation using a validated 
hydrocarbon exposure score and carefully controlling for 
other factors such as alcohol intake before acceptance. 
The available evidence does not support a conclusion 
that xenobiotic exposure by itself  should continue to be 

regarded as a risk factor for chronic pancreatitis.
The second element of  the hypothesis is that of  

pancreatic cytochrome induction[1]. Integrating the find-
ings into a modern framework there is good evidence 
that CYP induction occurs as a diffuse hepatic and extra-
hepatic response to xenobiotic exposure. However, there 
is little evidence to support the hypothesis of  preferential 
acinar cell CYP induction. CYP expression in the pancre-

Table 2  Interventions with evidence of modulation of experimental chronic pancreatitis

First Author Animal Model of CP Intervention Modes of action Time course and 
point of intervention

Pancreatic parenchymal end-
points

Systemic end-
points

Gómez et al[43] Rat ip 
cyclosporine 

A and ip 
caerulein 

Vitamin E 
(gavage)

Anti-oxidant properties: 
control oxidative radicals

15 d study Reduced peroxidation 
(TBARS level)

Reduced plasma 
lipoperoxidation.
Reduced plasma 

TGF-β
Anti-oxidant 

independent properties: 
reduction of fibrosis

Intervention day 8 Reduced collagen and 
hyaluronic acid deposition

Reduced acinar atrophy and 
periductal fibrosis

Yoo et al[44] Mouse ip caerulein DA 9601 Phytochemical 
possessing anti-

inflammatory and 
antioxidative action

35 d Reduced pancreatic fibrosis None
Intervention weekly 

from week 1
Myeloperoxidase and iNOS 

activities decreased
HSP-70 increased

de Las Heras-
Castaño� et al[45]

Rat ip cyclosporin 
A and ip 
caerulein

L-methionine
β-carotene

ascorbic acid
α-tocopherol 

selenium

Antioxidant 49 d Reduction in pancreatic 
fibrosis

None

Intervention weekly 
from week 1

Similar cellular glutathione 
peroxidase levels to control 

and less than caerulein alone 
group

Increased total antioxidant 
status but also increased in 

caerulein alone group
Mas et al[46] Rat Intraductal 

TNBS
Taurine Anti-fibrotic 28 d Tissue malondialdehyde 

levels increased
Reduction in 
weight loss

Intervention weekly 
from week 1

SOD and glutathione 
peroxidase activities 

decreased
Histopathologic injury 

scores lower
Lu et al[47] Rat DBTC 

infusion1
Ascorbic acid Antioxidant 56 d Increased SOD and reduce 

malondialdehyde
Reduce serum 

hyaluronic acid
Intervention weekly 

from day 28
No change in pancreatic 

fibrosis
Less atrophy

Wei et al[48] Rat PD infusion 
of pancreatic 

juice/bile (PD 
hypertension)

Pravastatin
10 mg/kg per 

day

Competitive inhibition 
of 3-hydroxy-3-

methylglutarylcoenzyme 
A reductase

14 d Maintained secretin-
stimulated secretory 

response

Amelioration of 
weight loss

Intervention from 
day 2

Attenuated fibrosis with less 
expression of TGF-β mRNA

Maintained pancreatic 
exocrine function

Li et al[49] Rat Intraductal 
TNBS

α-tocopherol Antifibrotic 28 d Reduced incidence of 
pseudocysts from 100% to 

69%

Amelioration of 
weight loss

Intervention daily Ameliorates pancreatic 
fibrosis

Jiang et al[50] Rat DBTC α-tocopherol 
and 

tocotrienol-
rich fraction 

Antioxidant and 
antifibrotic

28 d Reduced pancreatic 
inflammation and fibrosis

None

Intervention daily 
(oral)

Down-regulated  mRNA 
expression of TGF-β1 and 

collagen-α1
Matsushita et al[51] Rat  DBTC Taurine Antifibrotic 28 d Inhibition of pancreatic 

fibrosis
None

Intervention day 0 Decreased apoptotic index

1Dibutylin dichloride (DBTC) given by infusion into tail vein. TBARS: Thiobarbituric acid-reactive substance; TGF-β: Transforming growth factor beta; 
iNOS: Inducible nitric oxide synthase; HSP: Heat shock protein; TNBS: Trinitrobenzene sulfonic acid; SOD: Superoxide dismutase; PD: Pancreatic duct. 
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atic acinar cell is quantitatively small (although the resis-
tance of  acinar cells to phase Ⅰ metabolites is unknown) 
and the contemporaneous evidence from the three im-
munohistochemistry studies of  preferential expression 
relates principally to islets[20-22]. To take a balanced view 
the link between intra-pancreatic CYP induction and aci-
nar injury should be regarded as an association with no 
evidence that the former is causatively linked to chronic 
pancreatitis.

The third element of  the hypothesis relates to intra-
acinar depletion of  GSH[1]. The findings of  the review 
show evidence of  increased islet expression of  GSH and 
that the original study by Foster et al[20] showed that im-
munostaining for GSH was preserved in chronic pancre-
atitis tissue. Integrating this evidence into modern con-
cepts, it is likely that endogenous cell-defence pathways 
are compromised during the injury phases of  chronic 
pancreatitis but there is little evidence to suggest that the 
GSH transulfuration pathway is uniquely important in 
this process.

The fourth element of  the hypothesis is intra-acinar 
superoxide dismutase deficiency[1]. There is good evi-
dence of  SOD depletion in acute phases of  injury but 
less to support a chronic intra-acinar depletion. Integrat-
ing current knowledge into the oxidative stress injury 
hypothesis would suggest that although superoxide dis-
mutase biology is more complex than previously thought, 
intra-acinar deficiency of  quenching activity may play a 
part in cellular injury in chronic pancreatitis.

The fifth element is that CYP induction in hepa-
tocytes leads to exposure of  pancreatic acinar cells to 
oxidative stress by-products by reflux of  bile into the 
pancreatic duct[1]. Although the liver is the principal site 
of  CYP induction there is no evidence to suggest that 
oxidative by-products are carried in bile and reflux into 
the pancreatic duct to cause injury.

Finally, in relation to experimental chronic pancreatitis, 
there is evidence of  antioxidant modulation of  pancreatic 
injury: tocotrienol supplementation reduced pancreatic in-
flammatory gene expression in an experimental rat model 
of  chronic pancreatitis[56]. Other interventions associated 
with modulation of  the disease course of  experimental 
chronic pancreatitis are seen in Table 2. It is difficult and 
possibly inappropriate to attempt to synthesise a single 
common pathway of  action for these agents. In acute 
pancreatitis, many interventions are effective in experi-
mental models but none translate to a clinical setting and 
these limitations may also apply in relation to experimen-
tal chronic pancreatitis[57]. In particular, although these 
experimental studies suggest that exogenous supplemen-
tation with compounds with antioxidant properties may 
modify pancreatic injury, there is insufficient evidence to 
extrapolate these findings to the clinical setting[57].

To integrate these findings into modern paradigms of  
chronic pancreatitis, the epidemiology of  chronic pancre-
atitis suggests a complex disease, predominantly associ-
ated with prolonged, heavy consumption of  alcohol but 
also associated with several other causes[58,59]. Population-
based registries have allowed for better definition of  the 

incidence of  the disease and this process of  identifica-
tion has occurred in the latter half  of  the twentieth cen-
tury[60,61]. To seek an association between this process of  
better definition of  disease and hydrocarbon exposure in 
industrialised countries is tempting but the available lit-
erature does not support a causal association between xe-
nobiotic exposure and pancreatic acinar injury in chronic 
pancreatitis.

The cationic trypsinogen codon 122 R122H mutation 
was the first mutation clearly associated with chronic (and 
acute) pancreatitis[62]. The cationic trypsinogen R122H 
mutation is a “gain of  function” mutation as it prevents 
trypsin inactivation[63]. Early and inappropriate intra-acinar 
trypsin activation is now recognised as an important proxi-
mal pathway step in chronic pancreatitis[64]. Other muta-
tions including those at the serin protease inhibitor Kazal 
type Ⅰ/pancreatic secretory trypsin inhibitor Ⅰ (SPINK1/
PT1) mutation are also associated with chronic pancreati-
tis[65] and it is now understood that in genetic terms CP is a 
complex and heterogeneous disease.

Pancreatic injury in CP is characterised by fibrosis and 
the role of  the extracellular matrix and pancreatic stellate 
cells in mediating this component of  injury is now better 
recognised[66]. Similarly, alterations in the composition of  
pancreatic nerves, neurotransmitters and the concept of  
neural remodelling[67] together with alterations in central 
nervous system perceptions of  pain[68] are now recog-
nised to be important component of  the perception of  
pain in this disease.

In conclusion, pancreatic acinar cell injury due to 
short-lived oxygen free radicals (generated by injury me-
diated by prematurely activated intra-acinar trypsin) is 
an important mechanism of  cell damage in chronic pan-
creatitis. However, this should be seen as one of  a series 
of  cell-injury mechanisms rather than as a sole mediator. 
The central components of  the hypothesis of  xenobi-
otic-induced, micronutrient-deficient oxidative-stress 
mediated cell injury in chronic pancreatitis: xenobiotic 
exposure causing CYP induction, acinar CYP induction 
and hepatocyte mediated CYP by-products causing acinar 
injury by bile reflux do not withstand objective scrutiny. 
This view is essentially mirrored by the low use of  an-
tioxidant therapy in terms of  non-analgesic medication 
for chronic pancreatitis[69]. In terms of  the cost and ethi-
cal considerations around subjecting vulnerable patients 
to further trials, current clinical evidence would argue 
strongly against efficacy of  exogenous antioxidant thera-
py in alcohol-related chronic pancreatitis. Although there 
may be options for evaluation in non-alcohol related dis-
ease the central tenets of  the hypothesis are insufficiently 
strong even to justify this. Rationally, it is time to end the 
on-going debate about antioxidant therapy in chronic 
pancreatitis and to look for alternative truly effective in-
terventions for patients with this dreadful disease.
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