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Abstract
Alcohol abuse is a well-recognised association of
both acute and chronic pancreatitis, with repeated
attacks of alcohol-induced acute pancreatic
necroinflammation leading to chronic disease.
The risk of developing pancreatitis increases with
increased consumption of alcohol. However, not
all heavy drinkers develop clinical pancreatitis,
suggesting that additional trigger factor(s) may be
required to initiate overt disease. Evidence from
in vivo and in vitro studies indicates that the
detrimental effects of alcohol on the pancreas are
most likely due to direct toxic effects of its
metabolites (such as acetaldehyde and fatty acid
ethyl esters), and/or the by-products of ethanol
metabolism such as reactive oxygen species.
Recent experimental evidence indicates that
endotoxinemia (known to occur in alcoholics
secondary to an alcohol-induced increase in gut
mucosal permeability), may be an important cofactor in alcohol-related pancreatic injury. The
three major cell types in the pancreas affected by
alcohol exposure include acinar cells, ductal cells
and stellate cells; damage to these cells drives
the acinar cell death, calcification and fibrosis of
alcoholic pancreatitis. With regard to individual
susceptibility factors that may cause overt
pancreatitis in some drinkers, both inherited and
lifestyle
factors
have
been
studied.
Polymorphisms/mutations of genes encoding

alcohol
metabolising
enzymes,
digestive
enzymes and their inhibitors and the tight junction
protein claudin-2 have been described in
alcoholics with pancreatitis. In terms of lifestyle
factors, smoking is emerging as an important
factor in the development/progression of alcoholic
pancreatitis. Alcoholic pancreatitis is now
increasingly thought to be a multifactorial
condition, where, in addition to alcohol, other
lifestyle and inherited agents may determine the
initiation and course of the disease.

1. Introduction
Damage to the pancreas as a result of alcohol *
abuse was first recognised as early as two
hundred years ago, with reports published in 1815
describing an association between heavy drinking
and the development of pancreatitis (22, 37). This
was subsequently confirmed by Freidrich (41) in
1878 and Fitz (35) in 1889, using a more detailed
analytical approach.
Alcoholic pancreatitis is now generally recognised
to have both acute and chronic manifestations. An
acute episode of pancreatic necroinflammation
(acute pancreatitis) is characterised by acute
abdominal pain and raised serum amylase and
*

Note: The terms ‘alcohol’ and ‘ethanol’ are used
interchangeably in this Chapter.
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lipase
levels.
Repeated
attacks
of
necroinflammation can then lead to chronic
changes in the pancreas including acinar atrophy
and fibrosis (chronic pancreatitis), with patients
suffering from chronic pain, symptoms of
pancreatic insufficiency i.e. maldigestion, and in
advanced cases, diabetes.
Despite, the well-established association of
alcohol abuse and pancreatitis, there is an
acknowledged clinical paradox in the field– on the
one hand, the risk of developing the disease
increases with increasing consumption of alcohol
(55) - but on the other, only a minority of heavy
drinkers
(<5%) develop clinically evident
pancreatic disease (32, 117). This implies that
additional factors may confer susceptibility to
alcoholic pancreatitis in some drinkers.

2. Epidemiology of alcoholic
pancreatitis
Alcohol abuse is ranked as the second most
common cause of acute pancreatitis (after
gallstone disease) (119), but is well established
as the single most common cause of chronic
pancreatitis, with an attributable risk of 40% (25,
43). A population based cohort study has reported
that alcohol increases the risk of pancreatitis in a
dose dependent manner (55), while a large casecontrol study has proposed a threshold of 5 drinks
per day as the baseline for the risk of developing
alcoholic chronic pancreatitis (117). A metaanalysis of several relevant studies has calculated
the threshold to be 4 drinks/day for chronic
pancreatitis (54). If, after the first attack of
pancreatitis, patients continue to drink at the
same level as that prior to the first attack of
pancreatitis, their risk of repeated acute attacks
leading to chronic pancreatic injury is reported to
be around 41%, while with reduced drinking the
risk falls to 23% and with abstinence or with
occasional alcohol intake, decreases further to
14% (98).

Although the increased risk of pancreatitis with
alcohol abuse is unquestioned, it is well
acknowledged that the overall frequency of the
disease (at least in terms of overt clinical illness)
is low, with clinically evident acute pancreatitis
seen in only up to 3-5% of heavy drinkers (55, 59,
116). Dreiling and Koller (31) have reported that,
given 100 alcoholics, 5 will develop clinical acute
pancreatitis, 15 will develop alcoholic cirrhosis,
while only 1 will develop clinical evidence of both
diseases. Thus in the clinical setting, a diagnosis
of alcoholic pancreatitis will be made less
frequently than that of alcoholic liver disease.
Interestingly however, autopsy studies have
revealed that the frequency of both disorders in
alcoholics is much higher; approximately 40 50% of patients diagnosed with alcoholic
pancreatitis during their lifetime manifest signs of
liver injury at autopsy (90).

3. Natural History and Clinical
Features
The onset of alcoholic pancreatitis usually occurs
in the 4th decade and the majority of patients are
male with a history of heavy drinking (80-100 g of
alcohol per day) for at least 5 years (119).
Alcoholic acute pancreatitis rarely occurs after a
single binge (83, 108). Patients usually present
with acute abdominal pain, raised serum levels of
pancreatic enzymes (particularly serum amylase
and lipase over 3 times the upper limit of normal)
and evidence of pancreatic injury in imaging
studies. In a minority of cases, severe acute
pancreatitis occurs, which can be fatal. As noted
earlier, if the patient recovers but continues to
drink, the disease progresses to a chronic stage
characterised by atrophy and fibrosis of the
pancreas, with patients developing chronic, often
intractable, abdominal pain, and signs of exocrine
and endocrine insufficiency such as maldigestion
and diabetes.
Disease progression from the initial attack of
acute pancreatic necroinflammation to chronic,
irreversible injury is now accepted to occur via
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repeated attacks of acute pancreatitis, each
resulting in increasing residual damage to the
gland, and eventually leading to chronic
pancreatic damage. Evidence in support of this
necrosis-fibrosis sequence, a concept first
postulated by Comfort in 1946 (24), comes from
both clinical and experimental studies. A large
prospective study has demonstrated that clinical
manifestations of chronic pancreatitis (exocrine
and endocrine dysfunction) were more likely to
occur in alcoholics with recurrent acute
inflammation of the gland suggesting that these
acute episodes may eventually lead to chronic
damage (1). Recently, smoking, a lifestyle factor
commonly associated with heavy drinking, has
been reported to accelerate the progression of
alcoholic chronic pancreatitis, as evidenced by
earlier development of calcification and diabetes
in patients who drink and smoke (66).
Experimental evidence in support of the necrosisfibrosis sequence is provided by the finding that
repeated episodes of acute experimental
pancreatitis produce changes (albeit transient)
resembling chronic pancreatitis including fatty
infiltration, acinar atrophy and fibrosis (33, 76).
Particularly relevant to alcoholic chronic
pancreatitis are two recent experimental studies
reporting the development of pancreatic fibrosis
(albeit of low grade) in alcohol-fed rats (28) and
mice (82) subjected to repeated episodes of
caerulein-induced pancreatic necroinflammation
and in alcohol-fed rats subjected to repeated
endotoxin challenge (101).

4. Pathogenesis of Alcoholic
Pancreatitis
Researchers examining the pathogenesis of
alcoholic pancreatitis have usually adopted two
approaches: i) to study direct toxic effects of
alcohol on the pancreas (Figure 1), given the fact
that the risk of developing pancreatitis increases
with increasing intake of alcohol and ii) to identify
individual susceptibility factors based on the
knowledge that only a minority of heavy drinkers
develop clinically evident pancreatitis.

5. Direct effects of alcohol on the
pancreas
Effects of alcohol on pancreatic ducts
The earliest studies on the effects of alcohol on
the pancreas were focussed on the sphincter of
Oddi (SO), with researchers taking their cues from
Opie’s original observations of SO dysfunction as
a potential mechanism for gallstone pancreatitis
(81). The ‘large duct/sphincteric’ theories of
pancreatitis comprised the biliary-pancreatic reflux
theory, the duodeno-pancreatic reflux theory and
the stimulation-obstruction theory. The central
hypothesis for each of these was that alterations
in SO motility secondary to alcohol exposure,
played a major role in the development of
pancreatitis. A spasmogenic effect (increased SO
tone) of alcohol on the sphincter has been
reported in an experimental model involving
possums (97), and it was postulated that the
resultant reduction in trans-sphincteric flow may
partially explain the decrease in pancreatic
secretion observed after acute alcohol intake in
humans (52). However, studies on the effects of
alcohol on SO tone and exocrine secretion in
humans have reported contradictory findings,
resulting in a gradual loss of interest in the large
duct theories of alcoholic pancreatitis [a detailed
discussion of these theories can be found in
previously published reviews (5, 10, 11).
In the 1970s, research focus shifted to the small
pancreatic ducts, largely inspired by the work of
Henri Sarles and his co-workers postulating that a
blockage of small pancreatic ductules by protein
plugs (precipitated and calcified protein deposits)
led to increased local duct damage as well as
upstream pressure, acinar atrophy and fibrosis
(91). Sarles et al (91) proposed that contact of the
calculi with the duct mucosa and duct wall
resulted in ulceration and scarring with further
obstruction of the ducts eventually causing acinar
cell atrophy. Pertinent to this theory are reports
that alcoholics have an increased tendency for
protein precipitation in pancreatic juice (87).
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Figure 1. Alcohol and its metabolites exert detrimental effects on the acinar cell, stellate cell and duct cell
in the exocrine pancreas
Effects on acinar cell:
• Increased synthesis of digestive and lysosomal enzymes, associated with decreased exocytosis and increased
fragility of lysosomal and zymogen granule membranes, thus predisposing the cell to premature intracellular
enzyme activation and autodigestion.
• Damage to subcellular membranes, proteins and nucleic acids by reactive oxygen species formed during
ethanol metabolism
• Sustained increase in intracellular calcium leading to mitochondrial depolarisation and cell death.
• Release of cytokines by injured acinar cells, which can damage neighbouring cells.
Effects on stellate cell:
•
Activation of PSCs by ethanol and its metabolites and by cytokines from acinar cells and inflammatory cells,
leading to i) production of excessive extracellular matrix proteins (fibrosis); ii) synthesis of endogenous
cytokines which can further activate the cells in an autocrine manner, leading to progressive fibrosis, even in
the absence of the initial trigger.
Effects on ductal cell:
•
Decreased CFTR expression and activity, leading to impaired duct cell function
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Support for the concept is also provided by
experimental studies using a rat model of alcohol
administration, which have demonstrated that
alcohol alters the levels of two lithogenic proteins
in pancreatic secretions. These are i) lithostathine
(also called pancreatic stone protein), a 144
amino acid protein secreted by acinar cells which
when hydrolysed by enzymes such as trypsin is
converted to a highly precipitable 133 amino acid
peptide called lithostathine S1.
Messenger RNA levels of pancreatic lithostathine
have been shown to be significantly increased in
alcohol-fed rats (7) and ii) GP2, a glycoprotein
that is the most abundant protein component of
zymogen granule membranes (88). GP2 is
secreted into pancreatic ducts via exocytosis from
acinar cells along with digestive enzymes or
released directly from apical plasma membranes
via an enzymatic process. This glycoprotein has
unique properties for self-aggregation in
pancreatic juice. Chronic alcohol administration to
rats decreases pancreatic GP2 content (6),
possibly due to increased secretion of GP2 into
the pancreatic juice, where it may form fibrillar
aggregates that act as a nidus for protein and
calcium precipitation.
Another determinant of lithogenicity of pancreatic
juice is the viscosity of pancreatic secretions.
Sarles and colleagues (92) were the first to show
that that patients with alcoholic pancreatitis have
raised sweat electrolyte levels, suggestive of
cystic fibrosis transmembrane regulator (CFTR)
dysfunction. The resultant increase in viscosity of
pancreatic secretions could predispose to protein
plug formation, and consequently, chronic
changes in the pancreas. Interestingly, mutations
of the CFTR gene which affect duct cell function
have been shown to have a strong association
with idiopathic chronic pancreatitis (23, 94),
suggesting that ductular dysfunction contributes to
pancreatic injury. In this regard, Hegyi and
colleagues (67) have recently published evidence
of detrimental effects of alcohol on CFTR
expression and function in pancreatic ductal cells;
these will be discussed in more detail below in the

section on effects of alcohol at a cellular level in
the pancreas.

Cellular effects of alcohol
The large and small duct theories noted above
were insufficient in terms of fully explaining the
pathogenesis
of
alcoholic
pancreatitis.
Consequently, over the past four decades,
researchers attention has been focussed on the
acinar cell (the major functional unit of the
exocrine pancreas), the pancreatic stellate cell
(the key player in pancreatic fibrosis), and most
recently, the ductal cell (Figure 1).
The acinar cell is an enzyme factory which
synthesises and secretes significant quantities of
digestive enzymes in response to a meal. It is well
established that this enzyme synthetic capacity
places the cell at a unique risk of injury via a
process called autodigestion if the digestive
enzymes are prematurely activated within the
cells. As detailed below, in vitro and in vivo
experiments have provided strong evidence that
alcohol exposure predisposes the acinar cell to
autodigestive injury.
Most of the detrimental effects of alcohol on the
pancreas are likely mediated by the metabolism of
alcohol to toxic metabolites within the gland, via
both oxidative and non-oxidative pathways.
Oxidation of alcohol to acetaldehyde is catalysed
mainly by the enzyme alcohol dehydrogenase
(ADH) with some contribution from cytochrome
P4502E1 (CYP2E1) and, to a lesser extent, from
catalase. Studies with rat pancreatic acinar cells
have shown the presence of ADH activity in the
pancreas, with kinetics suggestive of ADH III (an
isoform of ADH with low affinity and high Km for
alcohol) (45, 46). This ADH activity was also
found to be resistant to inhibition by 4methylpyrazole (4-MP) which is a specific inhibitor
of the ADH I isoform. However, a study using
human pancreatic tissue has reported that the
predominant class of ADH in human pancreatic
acini is ADH I, with ADH III contributing little to
pancreatic alcohol oxidation (21). The differences
in ADH isozymes and their resulting kinetic
5

properties may reflect species differences
between rodent and human pancreas. CYP2E1 is
also known to be present in the pancreas, and its
activity is induced by alcohol administration, in a
manner similar to hepatic CYP2E1 (77). A byproduct of the oxidative pathway of alcohol
metabolism is the generation of reactive oxygen
species (ROS) which can cause damage to lipid
membranes proteins, and cellular DNA. Increased
ROS levels associated with a concurrent
depletion of anti-oxidant factors such as the ROS
scavenger glutathione, leads to oxidant stress
within the cell. Such alcohol-induced pancreatic
oxidant stress has been demonstrated in alcoholfed experimental animals and in humans with
alcoholic pancreatitis (19, 79).

as noted above, products of the non-oxidative
pathway are generated in amounts sufficient to
cause subcellular injury. Whether there is a direct
link between the two pathways is not yet clear. In
isolated pancreatic acini, FAEE synthesis was
reported to be increased in the presence of
inhibitors of the oxidative pathway, while in vivo
infusion of alcohol with ADH inhibitors has been
shown to result in increased accumulation of
FAEEs in the pancreas (105). Although these
studies did not clearly demonstrate actual
inhibition of alcohol oxidation in the pancreas, the
findings suggest that the pancreas may be able to
modulate alcohol metabolism, as dictated by the
availability of substrate and enzymes of the two
different pathways.

The non-oxidative pathway of alcohol metabolism
involves the esterification of alcohol with fatty
acids to form fatty acid ethyl esters. This reaction
is catalysed by fatty acid ethyl ester synthases
(FAEE synthases) which are yet to be fully
characterised, but two enzymes implicated to
date include carboxylester lipase and triglyceride
lipase. Notably, FAEE synthase activity in the
pancreas has been calculated to be several fold
higher than that observed in the liver (60). Indeed,
a number of studies have reported accumulation
of FAEEs in human and rat pancreas after alcohol
intake (45, 47, 57, 104). It is also important to
note that the FAEE concentrations found in the
pancreas of alcohol-fed rats are sufficient to
induce damage to subcellular organelles of
pancreatic acinar cells (47, 49). The mechanisms
by which FAEEs exert their toxic effects include :
i) direct interaction of the compounds with cellular
membranes (53); ii) stimulation of cholesteryl
ester synthesis by transesterification (58); and iii)
release of free fatty acids by hydrolysis of FAEEs,
a process thought to contribute to FAEE-induced
mitochondrial damage (58).

The other cell type in the pancreas with a capacity
for alcohol metabolism is the pancreatic stellate
cell (now established as the key cell responsible
for producing fibrosis in the pancreas (4, 8). PSCs
have been shown to exhibit 4 methyl pyrazole
sensitive ADH activity, with kinetics of alcohol
oxidation consistent with ADH I (8). In support of
these findings, is a recent study demonstrating
the presence of an ADH I isozyme, namely
ADH1C in quiescent human PSCs which was
inhibited by pyrazole (21). Notably this study also
showed that the expression of ADH1C was
increased in activated human PSCs in chronic
pancreatitis. Whether PSCs have a capacity for
non-oxidative ethanol metabolism is not yet
known.

Experimental studies have demonstrated that the
oxidative pathway is the predominant pathway for
alcohol metabolism in the pancreas (45, 46).
However, this does not diminish the potential
importance of the non-oxidative pathway, since

Effects of alcohol on acinar cells
Chronic alcohol administration to rats has been
shown to i) increase synthesis of the digestive
enzymes trypsinogen, chymotrypsinogen, and
lipase, as well as the lysosomal enzyme
cathepsin B within acinar cells (12, 13), and ii)
reduce enzyme secretion by acinar cells possibly
secondary to acetaldehyde-induced microtubular
dysfunction (85). Alcohol-induced reorganisation
of the apical cytoskeleton as reported by
Siegmund et al using isolated acinar cells (96),
may also play a role in impairment of enzyme
secretion. These effects perturb exocytosis and
6

cause accumulation of enzymes within the cells.
At the same time, alcohol decreases the stability
of the membranes of zymogen granules and
lysosomes, the organelles that contain digestive
and lysosomal enzymes, respectively (48, 111).
Lysosomal membrane instability may be
mediated by cholesteryl esters (107) and fatty
acid ethyl esters (49), substances known to
accumulate in the pancreas after chronic alcohol
consumption (57, 109), while zymogen granules
instability is postulated to be the result of loss of a
glycoprotein GP2, which is important for the
shape and stability of the granules (6). The
alcohol-induced increase in digestive and
lysosomal enzyme content accompanied by
decreased stability of the organelles that contain
these enzymes, increases the potential for
contact between digestive and lysosomal
enzymes. In the presence of an appropriate
trigger factor, premature intracellular activation of
digestive enzymes can occur, leading to
autodigestive injury of the gland.
Effects of alcohol on two major homeostatic
mechanisms that maintain cellular integrity,
namely, the unfolded protein response (UPR) /
endoplasmic
reticulum
(ER)
stress
and
autophagy, have attracted some attention in
recent years. In vivo and in vitro studies have
demonstrated that exposure to alcohol causes an
adaptive increase in the unfolded protein
response (as evidenced by increased spliced
XBP1 expression) in acinar cells, possibly to deal
with the alcohol-induced increased production of
enzymes within the cells (64). This may be a
protective response, since exposure to alcohol
alone does not cause overt acinar damage.
However, in the presence of an additional
injurious agent (eg high dose caerulein, and
possibly endotoxin or smoking), this adaptive
response may be overwhelmed leading to frank
ER stress and cellular damage (65, 115). With
regard to autophagy, in vivo studies using
alcohol-fed rodents have demonstrated a
significant decrease in LAMP2, a protein essential
for the formation of autolysosomes (39). The
resultant impairment of autophagic flux could lead

to accumulation of misfolded proteins and
damaged organelles within the acinar cell,
eventually causing acinar death.
In recent years, downstream signalling pathways
involved in the effects of alcohol and its
metabolites on acinar cells, have also been
examined. Alcohol, acetaldehyde and FAEEs
induce the expression of NF-κB and AP-1,
transcription factors that regulate cytokine
expression (45). FAEEs have also been shown to
cause perturbations of intracellular calcium.
Criddle et al (26) have reported that exposure of
pancreatic acinar cells in vitro to the FAEE
palmitoleic acid ethyl ester (PAEE) caused a
sustained rise in cytosolic calcium as a
consequence of increased calcium release from
intracellular sources such as the endoplasmic
reticulum (via stimulation of inositol triphosphate
receptors) and decreased clearance of calcium
due to dysfunction of the calcium ATPase pumps
in the endoplasmic reticulum and plasma
membrane. The ATPase pump dysfunction is
dependent on the hydrolysis of PAEE to its free
fatty acid palmitoleic acid, which leads to
uncoupled
mitochondrial
oxidative
phosphorylation and deficient ATP production.
An additional source for raised intracellular
calcium in alcohol-exposed acinar cells is via
increased influx of extracellular calcium as has
been reported in mouse acinar cells incubated
with
physiological
concentrations
of
cholecystokinin
(CCK)
+
intoxicating
concentrations of alcohol (50mM) (26). Inhibition
of alcohol oxidation by 4-methylpyrazole, or
preincubation with the antioxidant cinnamtanninB prevented the alcohol-induced calcium influx
(34). These findings indicate that alcohol
oxidation and the subsequent generation of ROS
may play an important role in this process. It is
thought that the sustained rise in intracellular
calcium leads to mitochondrial calcium overload
and mitochondrial depolarisation, eventually
causing acinar cell death.
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Effects of alcohol on pancreatic stellate cells
A characteristic histological feature of alcoholic
chronic pancreatitis is abundant pancreatic
fibrosis. Activated pancreatic stellate cells (PSCs)
are now known to play a central role in pancreatic
fibrogenesis (4). With regard to alcoholic
pancreatitis, both human and rat PSCs have been
shown to be directly activated by alcohol at
clinically relevant concentrations ranging from 10
mM (encountered during social drinking) to 50
mM (seen with heavy alcohol consumption) (8,
71). Inhibitor studies have determined that this
alcohol-induced PSC activation is mediated by
oxidation of alcohol to acetaldehyde and the
subsequent generation of oxidant stress (8, 71).
Alcohol and acetaldehyde increase the secretion
of MMP2 by PSCs. MMP2 digests basement
membrane collagen (collagen IV and facilitates
deposition of fibrillary collagen (collagen I) (84).
Interestingly, alcohol has also been reported to
stimulate the synthesis of endogenous cytokines
such as interleukin 8 and connective tissue
growth factor by PSCs (71). These endogenous
cytokines could act on PSC membranes via
autocrine pathways to further perpetuate PSC
activation. In addition, alcohol has been shown to
inhibit PSC apoptosis, thereby facilitating
prolonged survival of activated cells in the
pancreas (100).
Of relevance to alcoholic pancreatitis is another
potential activating factor for PSCs, namely,
bacterial endotoxin. Increased gut permeability is
a known consequence of alcohol consumption,
that can facilitate translocation of gut bacteria into
the circulation and result in increased circulating
endotoxin levels (16, 17). In vivo studies have
demonstrated a key role for lipopolysaccharide
(LPS), an endotoxin found in the cell wall of Gram
negative bacteria such as E coli, in the initiation
and progression of alcoholic pancreatitis (40,
101). Similar to alcohol, LPS has been shown to
activate PSCs (as assessed by αSMA expression)
and to inhibit PSC apoptosis (100, 101).
Importantly, alcohol and LPS together exert
synergistic effects on PSC activation and
apoptosis (100, 101).

Signalling pathways implicated in the effects of
alcohol and its metabolites on PSCs include the 3
major components, - ERK1/2, p38 kinase (p38K)
and c-jun amino terminal kinase (JNK) – of the
MAPK pathway (45, 73). Alcohol and
acetaldehyde also activate protein kinase C
(PKC) and PI3K, two pathways upstream of the
MAPK cascade (73). The synergistic effects of
alcohol and endotoxin noted earlier are likely
mediated via an LPS-induced upregulation of the
LPS receptor Toll-like receptor 4 (TLR4) on PSCs
(101) and downstream activation of NFκB (70).
These findings are relevant to the observed LPSinduced decrease in apoptosis of PSCs because
NFκB can induce anti-apoptotic proteins such as
IAPs (inhibitors of apoptosis proteins) (15) and
may explain the LPS-induced inhibition of PSC
apoptosis. For a majority of the pathways noted
above which are stimulated by the binding of
relevant ligands to their receptors, the common
downstream event is most likely intracellular
calcium modulation. A recent study in this regard
has shown that the activation of the bradykinin 2
receptor on PSCs by bradykinin (formed in the
ECM due to cleavage of its precursor kininogen
by kallikreinin released from FAEE-injured acinar
cells), leads to a sustained increase in calcium
within PSCs resulting in proliferation and
activation of the cells, which would further
perpetuate fibrosis (44).
Effects of alcohol on ductal cells
Although Sarles and colleagues (92) had drawn
attention to CFTR abnormalities and pancreatic
duct changes several decades ago, there was
little by way of research into the effects of alcohol
on ductal cells until recent work by Maleth et al
(67). The authors report increased sweat chloride
levels (suggesting impaired CFTR function) in
patients who acutely abused alcohol as well as in
long-term alcohol dependent patients, while
healthy volunteers had normal sweat chloride
levels. Pancreatic CFTR expression (at both
mRNA and protein levels) was reduced in patients
with alcoholic acute pancreatitis. In alcoholic
chronic pancreatitis, decreased membrane
expression of CFTR was associated with
8

increased CFTR expression (at mRNA and
protein levels) in the cytoplasm, suggesting
translocation of CFTR from the membrane to the
cytosol and/or misfolding of proteins in the ER
leading to accumulation in the cytoplasm. In
human pancreatic ductal epithelial cells exposed
to alcohol and fatty acids, fluid and bicarbonate
secretion as well as CFTR activity were found to
be significantly reduced (67). These changes
were associated with increased cellular calcium
concentrations, decreased ATP levels and
mitochondrial depolarisation. Using mouse and
guinea pig pancreatic ducts and human
pancreatic duct cell lines, the authors also
showed that incubation with high dose alcohol
plus the fatty acid ethyl ester metabolite
palmitoleic acid, decreased CFTR mRNA levels
and CFTR stability. Notably, CFTR knockout mice
administered ethanol and fatty acids developed a
more severe form of pancreatitis that wild type
mice. Thus, this study implicates CFTR
dysfunction in ductal cells as a major factor in
alcohol-induced pancreatic injury and postulates
that the effects of alcohol on pancreatic ducts are
mediated by the non-oxidative metabolites of
alcohol (67).

6. Individual Susceptibility to
Alcoholic Pancreatitis
Based on the studies described above, direct
toxic effects of alcohol and its metabolites on
pancreatic cells likely occur in all heavy drinkers,
at least at subclinical levels. However, clinically
overt pancreatitis only occurs in a minority of
alcoholics, indicating that an additional hit/insult or
a factor that confers specific susceptibility to the
disease is essential to trigger clinical disease.
Concerted efforts are underway to identify this
trigger factor/susceptibility factor (summarised in
Table 1), but no particular factor has yet been
unequivocally demonstrated to play this role.
The
key
comparison
when
assessing
susceptibility factors should be between
alcoholics with alcoholic pancreatitis and

alcoholics without pancreatitis so that the index
and the control groups differ in only one variable,
i.e. the presence or absence of pancreatitis. This
comparison has not always been made, with
many studies limited to using only the healthy
population as a control group. Nonetheless, over
the past three decades numerous potential
factors have been examined each of which
usually falls into one of two groups – hereditary
factors and lifestyle/environmental factors.

Hereditary factors
The hereditary factors assessed to date can be
grouped into genes relevant to the alcohol
metabolising pathway, digestive enzymes and
their inhibitors, CFTR, growth factors and
cytokines, blood group antigens, and genes
relevant to tight junction proteins which regulate
mucosal permeability.

Alcohol metabolising enzymes
As noted earlier, the deleterious effects of alcohol
on the pancreas are most likely related to the
direct
toxic
effects
of
its
metabolites
(acetaldehyde, FAEEs and ROS) on the gland.
Altered activities of alcohol metabolising
enzymes, particularly ADH, ALDH, CYP2E1 and
FAEE synthases may lead to accumulation of
harmful metabolites and tissue injury.
Oxidative pathway of alcohol metabolism
The major enzymes involved in alcohol oxidation
are
alcohol
dehydrogenase
(ADH)
and
acetaldehyde dehydrogenase (ALDH) (62). These
enzymes have several isoforms and are encoded
by different genes that can have several allelic
variants which influence the rate of ethanol
metabolism (120). Differences in distribution of
the allelic variants can also occur between
different tissues in the body or between different
ethnic groups. Human ADH enzymes are
classified into five classes, based on amino acid
sequence and structural similarities. The Class I
ADH enzymes (ADH1A, ADH1B and ADH1C) are
the major enzymes involved in ethanol clearance
in the liver.
9

Table 1: Individual Susceptibility Factors
Factor

Association

References

Inherited factors
HLA

No

Wilson et al, 1984 (110)

α1-antitrypsin deficiency

No

Haber et al, 1991 (50)

Cystic fibrosis genotype

No

Norton et al, 1998 (78)

Cytochrome P4502E1 polymorphism

No

Frenzer et al, 2002 (42)

ADH genotype

Yes
Yes
No
Yes
Yes
Yes

Matsumoto et al, 1996 (72)
Maruyama et al, 1999 (69)
Frenzer et al, 2002 (42)
Shimosegawa et al, 2008 (95)
Maruyama et al, 2008 (68)
*Zhong et al, 2015 (122)

Anionic trypsinogen gene mutation

Yes
Yes
Yes

*Witt et al, 2006 (114)
*Whitcomb et al, 2012 (106)
*Derikx et al, 2015 (29)

PSTI/SPINK1 mutations

Yes

Witt et al, 2001 (113)

No

*Schneider et al, 2004 (93)

Detoxifying enzymes
- Glutathione S-transferase
- UDP-glucuronosyl transferase

No
Yes

Frenzer et al, 2002 (42)
*Ockenga et al, 2003 (80)

Carboxylester lipase (CEL) polymorphism

Yes
No

Miyasaka et al, 2005 (74)
*Ragvin et al, 2013 (86)

Hybrid allele of CEL (CEL-HYB)

Yes

*Fjeld et al, 2015 (36)

Drinking pattern

No

Wilson et al, 1985 (108)

Beverage type

No
Yes

Wilson et al, 1985 (108)
*Nakamura et al, 2003 (75)

Diet

No

Wilson et al, 1985 (108)

Smoking

Yes
No

Lowenfels et al, 1987 (63)
Haber et al, 1993 (51)

Obesity

Yes

*Ammann et al, 2010 (2)

TNFα, TGF

,polymorphisms
Υ
IL10, IFN

Lifestyle factors

* These studies did not include alcoholics without pancreatitis as controls
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ALDH enzymes are classified into two groups,
cytosolic ALDH 1 and mitochondrial ALDH2.
Oxidation of acetaldehyde to acetate is mainly
carried out by ALDH2.
The best studied ADH gene with regard to
susceptibility to alcoholic pancreatitis is the
ADH1B gene. Studies in Asian populations have
reported that the ADH1B*2 allele is the
predominant allele. This encodes for the highly
active B2-ADH subunit which oxidises alcohol to
acetaldehyde at a faster rate than the subunit
encoded by the ADH1*B1 allele (18, 95). Three
studies from Japan have shown that the
frequency of the ADH1B*2 allele is increased in
patients with alcoholic pancreatitis compared to
alcoholics without pancreatitis (69, 72, 95). A
decreased frequency of the ADH1*B1 allele has
also been reported in the Japanese population,
and this is thought to reduce vulnerability to
alcoholic pancreatitis (68, 72).
Recently, Zhong et al (122) published a metaanalysis of eight case-control studies examining
the association of ADH1B, ADH1C and ALDH2
variants in alcoholic pancreatitis. In Asian
patients, a higher risk of alcoholic pancreatitis
was found for carriers of the ADH1B*2 allele but
there was a lower risk for those with the ALDH2*2
allele which encodes a metabolically inactive
protein. In the non-Asian population, the
ADH1C*2 allele was associated with a decreased
risk of alcoholic pancreatitis.
The gene for CYP2E1 (which also plays a role in
alcohol oxidation as noted earlier) has been
shown to have polymorphisms in the promoter
region as well as in intron 6 (99). Some of these
polymorphisms are associated with altered
CYP2E1 function, but none have as yet been
found to be associated with increased risk of
alcoholic pancreatitis when compared to
alcoholics without pancreatitis as controls.
Non- oxidative pathway of alcohol metabolism
This pathway is catalysed by fatty acid ethyl ester
synthases. A Japanese study compared

alcoholics with and without pancreatitis and
reported a positive association between the risk
of developing alcoholic pancreatitis and a gene
polymorphism for the FAEE synthase enzyme,
carboxyl ester lipase (CEL) (74). However, the
functional significance of this polymorphism has
not been elucidated, and the study findings were
not corroborated in a study involving European
subjects. More recently, Fjeld and colleagues (36)
have reported an association between a hybrid
allele of the CEL gene (CEL-HYB) and alcoholic
chronic pancreatitis. However, in this study the
controls were healthy volunteers and not
alcoholics without pancreatitis. The authors also
assessed the functional consequences of the
CEL-HYB gene in vitro using HEK293 cells. They
found that the resulting CEL-HYB protein may
impair autophagy within the cells leading to cell
death.
Digestive Enzyme Gene Mutations
Several studies have examined the possible
association between mutations of genes related
to digestive enzymes and their inhibitors and
alcoholic pancreatitis.
The genes assessed
include cationic trypsinogen (PRSS1), anionic
trypsinogen
(PRSS2),
chymotrypsinogen,
secretory trypsin inhibitor (PSTI) also known as
serine protease inhibitor Kazal type 1 (SPINK-1),
mesotrypsin and enzyme Y (see review (9)).
Two recent genome wide association studies
(GWASs) from North America (29, 106) and from
Europe (29) have reported that a single
nucleotide polymorphism rs10273639 located in
the 5’promoter region of the cationic trypsinogen
gene PRSS1, was associated with a decrease in
alcoholic pancreatitis risk. This polymorphism was
not found to be associated with non-alcoholic
chronic pancreatitis or with alcoholic liver disease.
However, the studies did not include alcoholics
without pancreatitis or liver disease as controls.
The authors have postulated that rs10273639
may affect expression of trypsinogen, but the
functional significance of the polymorphism
remains to be clarified. With regard to the anionic
trypsinogen gene PRSS2, it has been reported
11

that a protective variant (G191R), which results in
a form of trypsin that is easily degraded, is
significantly less common in patients with
alcoholic chronic pancreatitis compared to healthy
controls (114). Again, the prevalence of this
variant in alcoholics without pancreatitis was not
tested.
An association between mutated SPINK1 and
alcoholic pancreatitis has also been described.
The N34S mutation, a c.101A>G transition
leading to substitution of asparagine by serine at
codon 34, was found in 5.8% patients with
alcoholic pancreatitis, compared to 1.0% alcoholic
controls without pancreatitis (113). A study on
Romanian patients has reported that 5% of
patients with ACP had the N34S mutation
compared to 1% of healthy controls (30). A recent
meta-analysis found a significant association of
the N34S mutation with alcoholic pancreatitis with
an odds ratio of 4.98 (95% confidence interval:
3.16-7.85) but the association was the weakest
among categories analysed including tropical
pancreatitis, idiopathic chronic pancreatitis and
hereditary pancreatitis (3). Despite the reported
association with alcoholic pancreatitis, since the
N34S mutated human SPINK1 does not show
any altered trypsin inhibitor capacity (56) the
functional consequences of this mutation are
unclear.
Two variants of chymotrypsin C (CTRC, a minor
isoform of chymotrypsin) have been reported to
be detected more often (2.9%) in German patients
with alcoholic pancreatitis than in patients with
alcoholic liver disease (0.7%) (89). In a Chinese
population more CTRC variants were detected in
chronic pancreatitis patients but the overall
frequency of mutations was 2.3% and thus lower
than in the German study (20).
Claudin 2 mutations
Claudin-2 is a tight junction protein encoded by
the gene CLDN2. In tissue sections of chronic
pancreatitis, claudin-2 has been shown to be
expressed in acinar cells and ductal cells (106).
The two GWAS noted earlier, have identified two

single nucleotide polymorphisms of the CLDN2
gene involving the CLDN2-RIPPLY1-MORC4
locus
(Xp23.3,
SNPs
rs7057398
and
rs12688220). A decreased risk of alcoholic
pancreatitis was found in association with the
SNP rs12688220. However, the functional
significance of this SNP is not clear. Interestingly,
aberrant expression of the claudin-2 protein along
basolateral membranes of acinar cells was found
in pancreatic sections of chronic pancreatitis
patients with the high risk SNP rs7057398. Again
the functional significance of this aberrant
expression is unclear, but it may be possible that
the SNP alters the function of claudin-2 in the
intestine thereby influencing intestinal mucosal
permeability and facilitating the translocation of
gut bacteria with consequent endotoxinaemia. As
discussed later, endotoxinaemia (a well reported
feature in alcoholics) may be a susceptibility
factor for alcoholic pancreatitis. Interestingly,
upregulation of pore-forming claudin-2 has been
implicated in increased intestinal permeability in
Crohn’s disease (121).
CFTR mutations
As noted earlier, both animal and human studies
have revealed that CFTR function and expression
are impaired by alcohol. However, there is little
evidence to implicate CFTR mutations in the
pathogenesis of alcoholic pancreatitis. A small
study from Brazil showed that patients with
alcoholic pancreatitis showed a higher frequency
of the T5/T7 genotype in the non-coding region of
thymidines in intron 8, suggesting reduced
transcription of the CFTR gene (27). However,
additional and larger studies are needed to fully
elucidate the role of CFTR mutations in alcoholic
pancreatitis.
Other hereditary factors
Numerous other hereditary factors have been
examined in alcoholic pancreatitis including blood
group antigens, HLA serotypes, alpha-1antitrypsin
phenotypes,
the
cytokines
transforming growth factor beta (TGFβ), tumour
necrosis factor α (TNFα), interleukin 10 and
interferon gamma, and detoxifying enzymes such
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as UDP glucuronosyltransferase (UGT1A7) and
glutathione S-transferase (see review (9)). Most
of these studies have failed to show any
association of these genes with alcoholic
pancreatitis, although a recent study has reported
a positive association between the risk of
developing alcoholic pancreatitis and fucosyl
transferase (FUT2) non-secretor status as well as
with ABO blood group B status (103).

Lifestyle/environmental factors
Dietary intake, amount and type of alcohol
consumed, the pattern of drinking, lipid
intolerance and smoking (see reviews (9, 112))
have all been examined for their possible role in
alcoholic pancreatitis. Appropriately controlled
studies have ruled out any role for dietary factors,
particularly
macronutrients,
in
alcoholic
pancreatitis. However, similar studies of dietary
anti-oxidants and other micronutrients are yet to
be performed. The type of alcoholic beverage or
pattern of drinking have also not been clearly
shown to influence the risk of alcoholic
pancreatitis.
The role of smoking as a trigger factor for
alcoholic pancreatitis has been a particularly
fraught subject (see reviews (9, 112)). Since a
large proportion of heavy drinkers are also
smokers, it is difficult to unequivocally
demonstrate an independent role of smoking in
the initiation of pancreatitis. Law et al (61)
performed a retrospective study adjusting for
alcohol and other risk factors, and concluded that
smoking is independently associated with chronic
pancreatitis. However, the authors acknowledged
that factors such as recall bias impeded their
ability to accurately stratify the extent of smoking
and alcohol use. In a recent review on the
subject, Yadav and Lowenfels (118) note that
“although smoking increases the risk of chronic
pancreatitis independently, the effects of smoking
are
stronger
for
alcohol-related
chronic
pancreatitis”.
In this regard, there is some
evidence to suggest that smoking accelerates
progression of alcoholic chronic pancreatitis by

promoting the development of pancreatic
calcifications and endocrine dysfunction (66).
Obesity is another possible risk factor that has
been assessed with regard to alcoholic
pancreatitis. Ammann et al (2) prospectively
recruited 227 patients with alcoholic chronic
pancreatitis and age- and sex-matched healthy
subjects as controls. They reported that, in
patients with alcoholic chronic pancreatitis,
obesity (body mass index [BMI]>30), prior to the
onset of their disease, was 5-fold more frequent
compared to healthy controls. However, obesity
did not influence disease progression. Notably,
another earlier study had reported that obesity
was highly prevalent in asymptomatic alcoholics
compared to the general population (102). In view
of this observation and the fact that the study by
Ammann and colleagues (2) did not include
alcoholics without pancreatitis as controls, it is
difficult to clearly attribute a role to obesity as a
susceptibility factor for alcoholic pancreatitis.
Thus, in terms of ‘environmental’ factors, a clear
susceptibility factor for alcoholic pancreatitis
remains to be identified.
A potential co-factor that should be explored for
its role in clinical alcoholic pancreatitis is
endotoxinemia. Serum endotoxin levels are
known to be increased in alcoholics, even after a
single binge (14). This is likely due to the alcoholinduced increase in gut permeability permitting
translocation of gram-negative bacteria (such as
E. coli) across the mucosal barrier, and impaired
clearance of endotoxin by Kupffer cells in the liver
(16, 17). In this regard, alcohol has been shown
to increase the permeability of Caco-2 intestinal
epithelial cell monolayers via CYP2E1-induced
oxidant stress, which in turn induces the circadian
clock proteins, CLOCK and PER2 (38).
Experimental evidence supporting a role for
endotoxin as a susceptibility factor in alcoholic
pancreatitis, comes from a study by Vonlaufen et
al (101). The authors convincingly demonstrate
that endotoxin (LPS) challenge in alcohol-fed rats
not only initiates overt pancreatic injury, but also
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stimulates progression to chronic disease
manifesting as acinar atrophy and fibrosis.
Taken together, clinical studies to date have yet
to unequivocally identify a hereditary or
environmental susceptibility factor for alcoholic
pancreatitis. However, studies with experimental
models suggest that bacterial endotoxin is a
promising candidate, worthy of further study.
Future work could include assessments of genetic
polymorphisms of factors related to endotoxin
related molecules such as the LPS receptor TLR4
and its adapter proteins CD14 and MD2. Other
possible susceptibility factors that have not yet
been examined fully include proteins relevant to
cellular anti-oxidant defences, and minor CFTR
mutations.

7. Summary
The association of alcohol abuse and pancreatitis
has been recognised for over two centuries. In
the past four decades, considerable advances
have been made in our understanding of the
pathogenesis of this disease, with elucidation of
the detrimental effects of alcohol on the functions
of three major cell types in the pancreas – the
acinar cell, ductal cell and pancreatic stellate cell.
Thus the baseline damage caused by alcohol on
the pancreas is now better understood. However,
the major challenge in the field remains – i.e. to
unravel the reasons why only certain heavy
drinkers develop the disease. Despite concerted
research efforts a specific susceptibility/trigger
factor(s) that could cause overt pancreatitis in
alcoholics is/are yet to be determined. Alcoholic
pancreatitis is likely a multifactorial and polygenic
condition and further work will be needed to fully
characterise the putative pathogenic pathways
responsible for the clinical disease.

8. References
1.
2.
3.

4.
5.
6.

7.

8.

9.
10.
11.

Ammann RW and Muellhaupt B. Progression of alcoholic acute to chronic pancreatitis. Gut 35(4): 552556, 1994. PMID: 8174996.
Ammann RW, Raimondi S, Maisonneuve P and Mullhaupt B. Is obesity an additional risk factor for
alcoholic chronic pancreatitis? Pancreatology 10(1): 47-53, 2010. PMID: 20332661.
Aoun E, Chang CC, Greer JB, Papachristou GI, Barmada MM and Whitcomb DC. Pathways to injury
in chronic pancreatitis: decoding the role of the high-risk SPINK1 N34S haplotype using meta-analysis.
PLoS One 3(4): e2003, 2008. PMID: 18414673.
Apte M, Pirola RC and Wilson JS. Pancreatic stellate cell: physiologic role, role in fibrosis and cancer.
Curr Opin Gastroenterol 31(5): 416-423, 2015. PMID: 26125317.
Apte MV, Haber PS, Norton ID and Wilson JS. Alcohol and the pancreas. Addict Biol 3(2): 137-150,
1998. PMID: 26734819.
Apte MV, Norton ID, Haber PS, Korsten MA, McCaughan GW, Pirola RC, et al. Chronic ethanol
administration decreases rat pancreatic GP2 content. Biochim Biophys Acta 1336: 89-98, 1997. PMID:
9271254.
Apte MV, Norton ID, Haber PS, McCaughan GW, Korsten MA, Pirola RC, et al. Both ethanol and
protein deficiency increase messenger RNA levels for pancreatic lithostathine. Life Sci 58(6): 485-492,
1996. PMID: 8569421.
Apte MV, Phillips PA, Fahmy RG, Darby SJ, Rodgers SC, McCaughan GW, et al. Does alcohol directly
stimulate pancreatic fibrogenesis? Studies with rat pancreatic stellate cells. Gastroenterology 118(4): 780794, 2000. PMID: 10734030.
Apte MV, Pirola RC and Wilson JS. Individual susceptibility to alcoholic pancreatitis. J Gastroenterol
Hepatol 23 Suppl 1: S63-68, 2008. PMID: 18336667.
Apte MV, Pirola RC and Wilson JS. Mechanisms of alcoholic pancreatitis. J Gastroenterol Hepatol
25(12): 1816-1826, 2010. PMID: 21091991.
Apte MV, Pirola RC and Wilson JS. Molecular mechanisms of alcoholic pancreatitis. Dig Dis 23(3-4):
232-240, 2005. PMID: 16508287.

14

12.

13.

14.
15.

16.

17.

18.
19.

20.

21.

22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

Apte MV, Wilson JS, Korsten MA, McCaughan GW, Haber PS and Pirola RC. Effects of ethanol and
protein deficiency on pancreatic digestive and lysosomal enzymes. Gut 36: 287-293, 1995. PMID:
7533742.
Apte MV, Wilson JS, McCaughan GW, Korsten MA, Haber PS, Norton ID, et al. Ethanol-induced
alterations in messenger RNA levels correlate with glandular content of pancreatic enzymes. J Lab Clin
Med 125: 634-640, 1995. PMID: 7738427.
Bala S, Marcos M, Gattu A, Catalano D and Szabo G. Acute binge drinking increases serum endotoxin
and bacterial DNA levels in healthy individuals. PLoS One 9(5): e96864, 2014. PMID: 24828436.
Bhanot UK and Moller P. Mechanisms of parenchymal injury and signaling pathways in ectatic ducts of
chronic pancreatitis: implications for pancreatic carcinogenesis. Lab Invest 89(5): 489-497, 2009. PMID:
19308045.
Bode C, Kugler V and Bode JC. Endotoxemia in patients with alcoholic and non-alcoholic cirrhosis and in
subjects with no evidence of chronic liver disease following acute alcohol excess. J Hepatol 4(1): 8-14,
1987. PMID: 3571935.
Bode JC, Parlesak A and Bode C. Gut derived bacterial toxins (endotoxin) and alcohol liver disease.
Alcohol in Health and Disease. Argawal DP and Seitz HK. New York/Basel, Marcel Dekker: 369-386,
2001.
Bosron WF and Li TK. Genetic polymorphism of human liver alcohol and aldehyde dehydrogenases, and
their relationship to alcohol metabolism and alcoholism. Hepatology 6(3): 502-510, 1986. PMID: 3519419.
Casini A, Galli A, Pignalosa P, Frulloni L, Grappone C, Milani S, et al. Collagen type I synthesized by
pancreatic periacinar stellate cells (PSC) co-localizes with lipid peroxidation-derived aldehydes in chronic
alcoholic pancreatitis. J Pathol 192(1): 81-89., 2000. PMID: 10951404.
Chang MC, Chang YT, Wei SC, Liang PC, Jan IS, Su YN, et al. Association of novel chymotrypsin C
gene variations and haplotypes in patients with chronic pancreatitis in Chinese in Taiwan. Pancreatology
9(3): 287-292, 2009. PMID: 19407484.
Chiang CP, Wu CW, Lee SP, Chung CC, Wang CW, Lee SL, et al. Expression pattern, ethanolmetabolizing activities, and cellular localization of alcohol and aldehyde dehydrogenases in human
pancreas: implications for pathogenesis of alcohol-induced pancreatic injury. Alcohol Clin Exp Res 33(6):
1059-1068, 2009. PMID: 19382905.
Claessen H (1884). Die Krankheiten des Pankreas [The Diseases of the Pancreas]. Cologne, DumontSchaumburg.
Cohn JA, Neoptolemos JP, Feng J, Yan J, Jiang Z, Greenhalf W, et al. Increased risk of idiopathic
chronic pancreatitis in cystic fibrosis carriers. Hum Mutat 26(4): 303-307, 2005. PMID: 16134171.
Comfort HW, Gambill EE and Baggenstoss AH. Chronic relapsing pancreatitis: a study of 29 cases
without associated disease of the biliary or gastrointestinal tract. Gastroenterology 6: 239-285, 1946.
PMID: 20985712.
Cote GA, Yadav D, Slivka A, Hawes RH, Anderson MA, Burton FR, et al. Alcohol and smoking as risk
factors in an epidemiology study of patients with chronic pancreatitis. Clin Gastroenterol Hepatol 9(3): 266273; quiz e227, 2011. PMID: 21029787.
Criddle DN, Murphy J, Fistetto G, Barrow S, Tepikin AV, Neoptolemos JP, et al. Fatty acid ethyl
esters cause pancreatic calcium toxicity via inositol trisphosphate receptors and loss of ATP synthesis.
Gastroenterology 130(3): 781-793, 2006. PMID: 16530519.
da Costa MZ, Guarita DR, Ono-Nita SK, Nogueira Jde A, Nita ME, Paranagua-Vezozzo DC, et al.
CFTR polymorphisms in patients with alcoholic chronic pancreatitis. Pancreatology 9(1-2): 173-181, 2009.
PMID: 19077469.
Deng X, Wang L, Elm MS, Gabazadeh D, Diorio GJ, Eagon PK, et al. Chronic alcohol consumption
accelerates fibrosis in response to cerulein-induced pancreatitis in rats. Am J Pathol 166(1): 93-106, 2005.
PMID: 15632003.
Derikx MH, Kovacs P, Scholz M, Masson E, Chen JM, Ruffert C, et al. Polymorphisms at PRSS1PRSS2 and CLDN2-MORC4 loci associate with alcoholic and non-alcoholic chronic pancreatitis in a
European replication study. Gut 64(9): 1426-1433, 2015. PMID: 25253127.
Diaconu BL, Ciobanu L, Mocan T, Pfutzer RH, Scafaru MP, Acalovschi M, et al. Investigation of the
SPINK1 N34S mutation in Romanian patients with alcoholic chronic pancreatitis. A clinical analysis based
on the criteria of the M-ANNHEIM classification. J Gastrointestin Liver Dis 18(2): 143-150, 2009. PMID:
19565042.
Dreiling DA and Koller M. The natural history of alcoholic pancreatitis: update 1985. Mt Sinai J Med
52(5): 340-342, 1985. PMID: 3874352.

15

32.

33.
34.

35.
36.

37.
38.

39.

40.

41.
42.

43.

44.

45.

46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

Durbec JP and Sarles H. Multicenter survey of the etiology of pancreatic diseases. Relationship between
the relative risk of developing chronic pancreaitis and alcohol, protein and lipid consumption. Digestion
18(5-6): 337-350, 1978. PMID: 750261.
Elsasser HP, Haake T, Grimmig M, Adler G and Kern HF. Repetitive cerulein-induced pancreatitis and
pancreatic fibrosis in the rat. Pancreas 7(3): 385-390, 1992. PMID: 1594561.
Fernandez-Sanchez M, del Castillo-Vaquero A, Salido GM and Gonzalez A. Ethanol exerts dual effects
on calcium homeostasis in CCK-8-stimulated mouse pancreatic acinar cells. BMC Cell Biol 10: 77, 2009.
PMID: 19878551.
Fitz RH. Acute pancreatitis: a consideration of pancreatic hemorrhage, hemorrhagic, suppurative, and
gangrenous pancreatitis, and of disseminated fat-necrosis. Boston Med Surg J 120: 181-187, 1889.
Fjeld K, Weiss FU, Lasher D, Rosendahl J, Chen JM, Johansson BB, et al. A recombined allele of the
lipase gene CEL and its pseudogene CELP confers susceptibility to chronic pancreatitis. Nat Genet 47(5):
518-522, 2015. PMID: 25774637.
Fleischmann G (1815). Leichenöffnungen [Autopsies]. Erlangen, Johann Jakob Palm.
Forsyth CB, Voigt RM, Shaikh M, Tang Y, Cederbaum AI, Turek FW, et al. Role for intestinal CYP2E1
in alcohol-induced circadian gene-mediated intestinal hyperpermeability. Am J Physiol Gastrointest Liver
Physiol 305(2): G185-195, 2013. PMID: 23660503.
Fortunato F, Burgers H, Bergmann F, Rieger P, Buchler MW, Kroemer G, et al. Impaired
autolysosome formation correlates with LAMP-2 depletion: role of apoptosis, autophagy, and necrosis in
pancreatitis. Gastroenterology 137(1): 350-360, 360.e351-355, 2009. PMID: 19362087.
Fortunato F, Deng X, Gates LK, McClain CJ, Bimmler D, Graf R, et al. Pancreatic response to
endotoxin after chronic alcohol exposure: switch from apoptosis to necrosis? Am J Physiol Gastrointest
Liver Physiol 290(2): G232-241, 2006. PMID: 15976389.
Freidreich N (1878). Disease of the pancreas. New York, William Wood.
Frenzer A, Butler WJ, Norton ID, Wilson JS, Apte MV, Pirola RC, et al. Polymorphism in alcoholmetabolizing enzymes, glutathione S-transferases and apolipoprotein E and susceptibility to alcoholinduced cirrhosis and chronic pancreatitis. J Gastroenterol Hepatol 17(2): 177-182, 2002. PMID:
11966948.
Frulloni L, Gabbrielli A, Pezzilli R, Zerbi A, Cavestro GM, Marotta F, et al. Chronic pancreatitis: report
from a multicenter Italian survey (PanCroInfAISP) on 893 patients. Dig Liver Dis 41(4): 311-317, 2009.
PMID: 19097829.
Gryshchenko O, Gerasimenko JV, Gerasimenko OV and Petersen OH. Ca signals mediated by
bradykinin type 2 receptors in normal pancreatic stellate cells can be inhibited by specific Ca channel
blockade. J Physiol, 2015. PMID: 26442817.
Gukovskaya AS, Mouria M, Gukovsky I, Reyes CN, Kasho VN, Faller LD, et al. Ethanol metabolism
and transcription factor activation in pancreatic acinar cells in rats. Gastroenterology 122(1): 106-118,
2002. PMID: 11781286.
Haber PS, Apte MV, L. AT, Norton ID, Korsten MA, Pirola RC, et al. Metabolism of ethanol by rat
pancreatic acinar cells. J Lab Clin Med 132: 294-302, 1998. PMID: 9794700.
Haber PS, Apte MV, Moran C, Applegate TL, Pirola RC, Korsten MA, et al. Non-oxidative metabolism
of ethanol by rat pancreatic acini. Pancreatology 4(2): 82-89, 2004. PMID: 15056978.
Haber PS, Wilson JS, Apte MV, Korsten MA and Pirola RC. Chronic ethanol consumption increases the
fragility of rat pancreatic zymogen granules. Gut 35: 1474-1478, 1994. PMID: 7525419.
Haber PS, Wilson JS, Apte MV and Pirola RC. Fatty acid ethyl esters increase rat pancreatic lysosomal
fragility. J Lab Clin Med 121: 759-764, 1993. PMID: 8505587.
Haber PS, Wilson JS, McGarity BH, Hall W, Thomas MC and Pirola RC. Alpha 1 antitrypsin phenotypes
and alcoholic pancreatitis. Gut 32(8): 945-948, 1991. PMID: 1885078.
Haber PS, Wilson JS and Pirola RC. Smoking and alcoholic pancreatitis. Pancreas 8(5): 568-572, 1993.
PMID: 8302794.
Hajnal F, Flores MC, Radley S and Valenzuela JE. Effect of alcohol and alcoholic beverages on mealstimulated pancreatic secretion in humans. Gastroenterology 98(1): 191-196, 1990. PMID: 2293577.
Hungund BL, Goldstein DB, Villegas F and Cooper TB. Formation of fatty acid ethyl esters during
chronic ethanol treatment in mice. Biochem Pharmacol 37: 3001-3004, 1988. PMID: 3395375.
Irving HM, Samokhvalov AV and Rehm J. Alcohol as a risk factor for pancreatitis. A systematic review
and meta-analysis. JOP 10(4): 387-392, 2009. PMID: 19581740.
Kristiansen L, Gronbaek M, Becker U and Tolstrup JS. Risk of pancreatitis according to alcohol
drinking habits: a population-based cohort study. Am J Epidemiol 168(8): 932-937, 2008. PMID:
18779386.

16

56.

57.
58.
59.
60.
61.
62.
63.
64.

65.
66.

67.

68.

69.

70.
71.
72.

73.

74.
75.

76.

77.
78.
79.

Kuwata K, Hirota M, Shimizu H, Nakae M, Nishihara S, Takimoto A, et al. Functional analysis of
recombinant pancreatic secretory trypsin inhibitor protein with amino-acid substitution. J Gastroenterol
37(11): 928-934, 2002. PMID: 12483248.
Lange LG and Sobel BE. Mitochondrial dysfunction induced by fatty acid ethyl esters, myocardial
metabolites of ethanol. J Clin Invest 72: 724-731, 1983. PMID: 6308061.
Lange LG. Nonoxidative ethanol metabolism: formation of fatty acid ethyl esters by cholesterol esterase.
Proc Natl Acad Sci U S A 79(13): 3954-3957, 1982. PMID: 6955782.
Lankisch PG, Lowenfels AB and Maisonneuve P. What is the risk of alcoholic pancreatitis in heavy
drinkers? Pancreas 25(4): 411-412, 2002. PMID: 12409838.
Laposata EA and Lange LG. Presence of nonoxidative ethanol metabolism in human organs commonly
damaged by ethanol abuse. Science 231(4737): 497-499, 1986. PMID: 3941913.
Law R, Parsi M, Lopez R, Zuccaro G and Stevens T. Cigarette smoking is independently associated
with chronic pancreatitis. Pancreatology 10(1): 54-59, 2010. PMID: 20332662.
Lieber CS. Metabolism of ethanol. Medical and Nutritional Complications of Alcoholism. Lieber CS. New
York, Plenum Publishing Corporation: pp 1-35., 1992.
Lowenfels AB, Zwemer FL, Jhangiani S and Pitchumoni CS. Pancreatitis in a native American Indian
population. Pancreas 2(6): 694-697, 1987. PMID: 3438307.
Lugea A, Tischler D, Nguyen J, Gong J, Gukovsky I, French SW, et al. Adaptive unfolded protein
response attenuates alcohol-induced pancreatic damage. Gastroenterology 140(3): 987-997, 2011. PMID:
21111739.
Lugea A, Waldron RT and Pandol SJ. Pancreatic adaptive responses in alcohol abuse: Role of the
unfolded protein response. Pancreatology 15(4 Suppl): S1-5, 2015. PMID: 25736240.
Maisonneuve P, Lowenfels AB, Mullhaupt B, Cavallini G, Lankisch PG, Andersen JR, et al. Cigarette
smoking accelerates progression of alcoholic chronic pancreatitis. Gut 54(4): 510-514, 2005. PMID:
15753536.
Maleth J, Balazs A, Pallagi P, Balla Z, Kui B, Katona M, et al. Alcohol disrupts levels and function of the
cystic fibrosis transmembrane conductance regulator to promote development of pancreatitis.
Gastroenterology 148(2): 427-439 e416, 2015. PMID: 25447846.
Maruyama K, Harada S, Yokoyama A, Naruse S, Hirota M, Nishimori I, et al. Association analysis
among polymorphisms of the various genes and chronic alcoholic pancreatitis. J Gastroenterol Hepatol 23
Suppl 1: S69-72, 2008. PMID: 18336668.
Maruyama K, Takahashi H, Matsushita S, Nakano M, Harada H, Otsuki M, et al. Genotypes of alcoholmetabolizing enzymes in relation to alcoholic chronic pancreatitis in Japan. Alcohol Clin Exp Res 23(4
Suppl): 85s-91s, 1999. PMID: 10235286.
Masamune A, Kikuta K, Watanabe T, Satoh K, Satoh A and Shimosegawa T. Pancreatic stellate cells
express Toll-like receptors. J Gastroenterol 43(5): 352-362, 2008. PMID: 18592153.
Masamune A, Satoh A, Watanabe T, Kikuta K, Satoh M, Suzuki N, et al. Effects of ethanol and its
metabolites on human pancreatic stellate cells. Dig Dis Sci 55(1): 204-211, 2010. PMID: 19165599.
Matsumoto M, Takahashi H, Maruyama K, Higuchi S, Matsushita S, Muramatsu T, et al. Genotypes of
alcohol-metabolizing enzymes and the risk for alcoholic chronic pancreatitis in Japanese alcoholics.
Alcohol Clin Exp Res 20(9 Suppl): 289a-292a, 1996. PMID: 8986224.
McCarroll JA, Phillips PA, Park S, Doherty E, Pirola RC, Wilson JS, et al. Pancreatic stellate cell
activation by ethanol and acetaldehyde: is it mediated by the mitogen-activated protein kinase signaling
pathway? Pancreas 27(2): 150-160, 2003. PMID: 12883264.
Miyasaka K, Ohta M, Takano S, Hayashi H, Higuchi S, Maruyama K, et al. Carboxylester lipase gene
polymorphism as a risk of alcohol-induced pancreatitis. Pancreas 30(4): e87-e91, 2005. PMID: 15841033.
Nakamura Y, Ishikawa A, Sekiguchi S, Kuroda M, Imazeki H and Higuchi S. Spirits and gastrectomy
increase risk for chronic pancreatitis in Japanese male alcoholics. Pancreas 26(2): e27-31, 2003. PMID:
12604924.
Neuschwander-Tetri BA, Burton FR, Presti ME, Britton RS, Janney CG, Garvin PR, et al. Repetitive
self-limited acute pancreatitis induces pancreatic fibrogenesis in the mouse. Dig Dis Sci 45(4): 665-674.,
2000. PMID: 10759232.
Norton I, Apte M, Haber P, McCaughan G, Korsten M, Pirola R, et al. P4502E1 is present in rat
pancreas and is induced by chronic ethanol administration. Gastroenterology 110: A1280, 1996.
Norton ID, Apte MV, Dixson H, Trent RJ, Pirola RC and Wilson JS. Cystic fibrosis genotypes and
alcoholic pancreatitis. J Gastroenterol Hepatol 13: 496-500, 1998. PMID: 9641647.
Norton ID, Apte MV, Lux O, Haber PS, Pirola RC and Wilson JS. Chronic ethanol administration causes
oxidative stress in the rat pancreas. J Lab Clin Med 131(5): 442-446, 1998. PMID: 9605109.

17

80.

81.
82.
83.

84.

85.

86.

87.

88.
89.

90.
91.
92.

93.

94.
95.
96.
97.
98.
99.

100.

101.

102.
103.

Ockenga J, Vogel A, Teich N, Keim V, Manns MP and Strassburg CP. UDP glucuronosyltransferase
(UGT1A7) gene polymorphisms increase the risk of chronic pancreatitis and pancreatic cancer.
Gastroenterology 124(7): 1802-1808, 2003. PMID: 12806614.
Opie EL. The etiology of acute haemorrhagic pancreatitis. Bulletin of John Hopkins Hospital 12: 182-188,
1901.
Perides G, Tao X, West N, Sharma A and Steer ML. A mouse model of ethanol dependent pancreatic
fibrosis. Gut 54(10): 1461-1467, 2005. PMID: 15870229.
Phillip V, Huber W, Hagemes F, Lorenz S, Matheis U, Preinfalk S, et al. Incidence of acute pancreatitis
does not increase during Oktoberfest, but is higher than previously described in Germany. Clin
Gastroenterol Hepatol 9(11): 995-1000.e1003, 2011. PMID: 21723238.
Phillips PA, McCarroll JA, Park S, Wu M-J, Korsten MA, Pirola RC, et al. Pancreatic stellate cells
secrete matrix metalloproteinases - implications for extracellular matrix turnover. Gut 52: 275-282, 2003.
PMID: 12524413.
Ponnappa BC, Hoek JB, Waring AJ and Rubin E. Effect of ethanol on amylase secretion and cellular
calcium homeostasis in pancreatic acini from normal and ethanol-fed rats. Biochem Pharmacol 36(1): 6979, 1987. PMID: 2432902.
Ragvin A, Fjeld K, Weiss FU, Torsvik J, Aghdassi A, Mayerle J, et al. The number of tandem repeats
in the carboxyl-ester lipase (CEL) gene as a risk factor in alcoholic and idiopathic chronic pancreatitis.
Pancreatology 13(1): 29-32, 2013. PMID: 23395566.
Renner IG, Rinderknecht H, Valenzuela JE and Douglas AP. Studies of pure pancreatic secretions in
chronic alcoholic subjects without pancreatic insufficiency. Scand J Gastroenterol 15(2): 241-244, 1980.
PMID: 7384747.
Rindler MJ and Hoops TC. The pancreatic membrane protein GP2 localises specifically to secretory
granules and is shed into the pancreatic juice as a protein aggregate. Eur J Cell Biol 53: 154-163, 1990.
Rosendahl J, Witt H, Szmola R, Bhatia E, Ozsvari B, Landt O, et al. Chymotrypsin C (CTRC) variants
that diminish activity or secretion are associated with chronic pancreatitis. Nat Genet 40(1): 78-82, 2008.
PMID: 18059268.
Sarles H (1992). Alcoholic pancreatitis. New York, McGraw Hill.
Sarles H. Chronic calcifying pancreatitis - chronic alcoholic pancreatitis. Gastroenterology 66: 604-616,
1974. PMID: 4595185.
Sarles H, Sarles JC, Camatte R, Muratore R, Gaini M, Guien C, et al. Observations on 205 confirmed
cases of acute pancreatitis, recurring pancreatitis, and chronic pancreatitis. Gut 6(6): 545-559, 1965.
PMID: 5857891.
Schneider A, Barmada MM, Slivka A, Martin JA and Whitcomb DC. Transforming growth factor-beta1,
interleukin-10 and interferon-gamma cytokine polymorphisms in patients with hereditary, familial and
sporadic chronic pancreatitis. Pancreatology 4(6): 490-494, 2004. PMID: 15316224.
Sharer N, Schwarz M, Malone G, Howarth A, Painter J, Super M, et al. Mutations of the cystic fibrosis
gene in patients with chronic pancreatitis. N Engl J Med 339(10): 645-652, 1998. PMID: 9725921.
Shimosegawa T, Kume K and Masamune A. SPINK1, ADH2, and ALDH2 gene variants and alcoholic
chronic pancreatitis in Japan. J Gastroenterol Hepatol 23 Suppl 1: S82-86, 2008. PMID: 18336671.
Siegmund E, Luthen F, Kunert J and Weber H. Ethanol modifies the actin cytoskeleton in rat pancreatic
acinar cells--comparison with effects of CCK. Pancreatology 4(1): 12-21, 2004. PMID: 14988654.
Sonoda Y, Woods CM, Toouli J and Saccone GTP. Intragastric ethanol reduces sphincter of Oddi
function in the anaesthetised Australian possum. Pancreas 31: 469, 2005.
Takeyama Y. Long-term prognosis of acute pancreatitis in Japan. Clin Gastroenterol Hepatol 7(11 Suppl):
S15-17, 2009. PMID: 19896091.
Verlaan M, te Morsche RH, Roelofs HM, Laheij RJ, Jansen JB, Peters WH, et al. Genetic
polymorphisms in alcohol-metabolizing enzymes and chronic pancreatitis. Alcohol Alcoholism 39(1): 20-24,
2004. PMID: 14691069.
Vonlaufen A, Phillips PA, Xu Z, Zhang X, Yang L, Pirola RC, et al. Withdrawal of alcohol promotes
regression while continued alcohol intake promotes persistence of LPS-induced pancreatic injury in
alcohol-fed rats. Gut 60(2): 238-246, 2011. PMID: 20870739.
Vonlaufen A, Xu Z, Daniel B, Kumar RK, Pirola R, Wilson J, et al. Bacterial endotoxin: a trigger factor
for alcoholic pancreatitis? Evidence from a novel, physiologically relevant animal model. Gastroenterology
133(4): 1293-1303, 2007. PMID: 17919500.
Wannamethee SG and Shaper AG. Alcohol, body weight, and weight gain in middle-aged men. Am J Clin
Nutr 77(5): 1312-1317, 2003. PMID: 12716687.
Weiss FU, Schurmann C, Guenther A, Ernst F, Teumer A, Mayerle J, et al. Fucosyltransferase 2
(FUT2) non-secretor status and blood group B are associated with elevated serum lipase activity in
18

104.

105.

106.

107.
108.
109.
110.
111.

112.

113.
114.

115.
116.
117.

118.
119.
120.
121.

122.

asymptomatic subjects, and an increased risk for chronic pancreatitis: a genetic association study. Gut
64(4): 646-656, 2015. PMID: 25028398.
Werner J, Laposata M, Fernandez-del Castillo C, Saghir M, Iozzo RV, Lewandrowski KB, et al.
Pancreatic injury in rats induced by fatty acid ethyl ester, a nonoxidative metabolite of alcohol.
Gastroenterology 113(1): 286-294, 1997. PMID: 9207289.
Werner J, Saghir M, Fernandez-del Castillo C, Warshaw AL and Laposata M. Linkage of oxidative and
nonoxidative ethanol metabolism in the pancreas and toxicity of nonoxidative ethanol metabolites for
pancreatic acinar cells. Surgery 129(6): 736-744, 2001. PMID: 11391373.
Whitcomb DC, LaRusch J, Krasinskas AM, Klei L, Smith JP, Brand RE, et al. Common genetic
variants in the CLDN2 and PRSS1-PRSS2 loci alter risk for alcohol-related and sporadic pancreatitis. Nat
Genet 44(12): 1349-1354, 2012. PMID: 23143602.
Wilson JS, Apte MV, Thomas MC, Haber PS and Pirola RC. Effects of ethanol, acetaldehyde and
cholesteryl esters on pancreatic lysosomes. Gut 33: 1099-1104, 1992. PMID: 1398235.
Wilson JS, Bernstein L, McDonald C, Tait A, McNeil D and Pirola RC. Diet and drinking habits in
relation to the development of alcoholic pancreatitis. Gut 26(9): 882-887, 1985. PMID: 4029715.
Wilson JS, Colley PW, Sosula L and Pirola RC. Alcohol causes a fatty pancreas. A rat model of ethanolinduced pancreatic steatosis. Alcohol Clin Exp Res 6: 117-121, 1982. PMID: 7041679.
Wilson JS, Gossat D, Tait A, Rouse S, Juan XJ and Pirola RC. Evidence for an inherited predisposition
to alcoholic pancreatitis. A controlled HLA typing study. Dig Dis Sci 29(8): 727-730, 1984. PMID: 6589150.
Wilson JS, Korsten MA, Apte MV, Thomas MC, Haber PS and Pirola RC. Both ethanol consumption
and protein deficiency increase the fragility of pancreatic lysosomes. J Lab Clin Med 115: 749-755, 1990.
PMID: 2366035.
Witt H, Apte MV, Keim V and Wilson JS. Chronic pancreatitis: challenges and advances in
pathogenesis, genetics, diagnosis, and therapy. Gastroenterology 132(4): 1557-1573, 2007. PMID:
17466744.
Witt H, Luck W, Becker M, Bohmig M, Kage A, Truninger K, et al. Mutation in the SPINK1 trypsin
inhibitor gene, alcohol use, and chronic pancreatitis. JAMA 285(21): 2716-2717, 2001. PMID: 11386926.
Witt H, Sahin-Toth M, Landt O, Chen JM, Kahne T, Drenth JP, et al. A degradation-sensitive anionic
trypsinogen (PRSS2) variant protects against chronic pancreatitis. Nat Genet 38(6): 668-673, 2006. PMID:
16699518.
Xu Z, Pothula S, Pandol S, Pirola R, Wilson J and Apte M. Smoking worsens the fibrosis of alcoholic
chronic pancreatitis via activation of pancreatic stellate cells. . Pancreas 44(8): 1426, 2015.
Yadav D. Recent advances in the epidemiology of alcoholic pancreatitis. Curr Gastroenterol Rep 13(2):
157-165, 2011. PMID: 21243451.
Yadav D, Hawes RH, Brand RE, Anderson MA, Money ME, Banks PA, et al. Alcohol consumption,
cigarette smoking, and the risk of recurrent acute and chronic pancreatitis. Arch Intern Med 169(11): 10351045, 2009. PMID: 19506173.
Yadav D and Lowenfels AB. The epidemiology of pancreatitis and pancreatic cancer. Gastroenterology
144(6): 1252-1261, 2013. PMID: 23622135.
Yadav D and Lowenfels AB. Trends in the epidemiology of the first attack of acute pancreatitis: a
systematic review. Pancreas 33(4): 323-330, 2006. PMID: 17079934.
Zakhari S. Overview: how is alcohol metabolized by the body? Alcohol Res Health 29(4): 245-254, 2006.
PMID: 17718403.
Zeissig S, Burgel N, Gunzel D, Richter J, Mankertz J, Wahnschaffe U, et al. Changes in expression
and distribution of claudin 2, 5 and 8 lead to discontinuous tight junctions and barrier dysfunction in active
Crohn's disease. Gut 56(1): 61-72, 2007. PMID: 16822808.
Zhong Y, Cao J, Zou R and Peng M. Genetic polymorphisms in alcohol dehydrogenase, aldehyde
dehydrogenase and alcoholic chronic pancreatitis susceptibility: a meta-analysis. Gastroenterol Hepatol
38(7): 417-425, 2015. PMID: 25541509.

19

