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Abstract
Alcohol abuse is a major cause of pancreatitis, a condition 
that can manifest as both acute necroinflammation and 
chronic damage (acinar atrophy and fibrosis). Pancreatic 
acinar cells can metabolize ethanol via  the oxidative 
pathway, which generates acetaldehyde and involves the 
enzymes alcohol dehydrogenase and possibly cytochrome 
P4502E1. Additionally, ethanol can be metabolized via 
a nonoxidative pathway involving fatty acid ethyl ester 
synthases. Metabolism of ethanol by acinar and other 
pancreatic cells and the consequent generation of toxic 
metabolites, are postulated to play an important role in 
the development of alcohol-related acute and chronic 
pancreatic injury. This current work will review some re-
cent advances in the knowledge about ethanol actions on 
the exocrine pancreas and its relationship to inflamma-
tory disease and cancer.
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INTRODUCTION
Pancreatitis is a potentially fatal disease in which the pan­
creas digests itself  and its surroundings. An intracellular 
calcium (Ca2+) overload, as well as the generation of  
reactive oxygen species (ROS), have been indicated as the 
elements responsible for the initiation of  the inflammatory 
process in the gland. One of  the main causes of  panc­
reatitis is alcohol abuse.

In the exocrine pancreas, the activation of  phosp­
holipase C (PLC)-linked receptors (R) by secretagogues 
produces an increase in the concentration of  inositol 
1,4,5-trisphosphate (IP3) in the cytosol. IP3 in turn releases 
Ca2+ from cytoplasmic stores, leading to an increase 
in cytosolic free calcium concentration ([Ca2+]i)[1]. Ca2+ 
signals are not only a result of  its release from intracellular 
stores but also a co-ordinate influx from the extracellular 
space[2], Ca2+ extrusion across the plasma membrane[3] and 
Ca2+ uptake into intracellular organelles[4]. 

Ca2+ is a universal intracellular messenger that controls a 
wide range of  cellular processes and does so by partitioning 
its actions in space and time. The coordination of  the 
movement of  Ca2+ is used to shape Ca2+ signals[5]. A rise in 
[Ca2+]i is an important early signal by which physiological 
secretagogues elicit the release of  digestive enzymes 
from pancreatic acinar cells. An impairment of  secretion 
would lead to intracellular activation of  digestive enzymes 
which, in turn, could initiate auto-digestion of  the gland 
and surrounding tissues and to the establishment of  an 
inflammatory disease[6,7].
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Mitogen-activated protein kinase (MAPK) family mem­
bers mediate a wide variety of  cellular processes in response 
to extracellular stimuli. Once MAPKs are activated, they 
phosphorylate target molecules in the cytoplasm and 
nucleus, resulting in the regulation of  gene expression 
concerned with proliferation and differentiation[8]. On 
the other hand, Tumour Necrosis Factor (TNF) is a multi­
functional proinflammatory cytokine with effects on lipid 
metabolism, coagulation, insulin resistance and endothelial 
function. Members of  the TNF Receptor (TNFR) super­
family can send both survival and death signals to cells[9]. 
TNF family members play important roles in various 
physiological and pathological processes, including cell 
proliferation, differentiation, apoptosis and modulation of  
immune responses and induction of  inflammation.

The exocrine pancreas can metabolize ethanol mainly 
via an oxidative pathway involving the enzymes alcohol 
dehydrogenase and cytochrome P4502E1, although a non-
oxidative pathway involving fatty acid ethyl ester synthesis 
has been also proposed[10]. Therefore, metabolism of  
ethanol by pancreatic acinar cells and the consequent 
generation of  toxic metabolites are postulated to play 
an important role in the development of  alcohol-related 
pancreatic injury.

ETHANOL AND CALCIUM HOMEOSTASIS
The generation of  repetitive local cytosolic Ca2+ signals in 
the apical pole of  the pancreatic acinar cell is the starting 
point for the regulation of  cellular function. Nevertheless, 
despite being one of  the initial steps involved in cellular 
function, global and sustained changes in [Ca2+]i that are 
abnormal cytosolic Ca2+ signals, can result in necrosis. The 
release of  Ca2+ through specific channels and the inhibition 
of  Ca2+ pumps in intracellular stores, followed by entry 
of  extracellular Ca2+, contribute to Ca2+ overload[11,12]. 
Additionally, it has been proposed that abnormally elevated 
[Ca2+]i is a shared phenomenon that could induce trypsin 
premature activation[13-15], which is a previous step that can 
trigger acute pancreatitis[12,16].

The actions of  ethanol on Ca2+ homeostasis are cur­
rently under study. Its effects might be due to a direct 
action of  ethanol on Ca2+ handling mechanisms or to 
an indirect effect, mediated by a production of  ROS 
following ethanol metabolization or by non-oxidative 
metabolites of  ethanol. We have shown that ethanol 
induces Ca2+ mobilization in mouse pancreatic acinar 
cells and that this mechanism is responsible for a ROS 
generation and a subsequent impairment of  secretory 
function in this cell type[17].

A recent work shows that ethanol itself  induces the 
release of  Ca2+ from intracellular stores in the form of  
oscillations[18]. This effect was observed at doses ranging 
from 1 to 50 mmol/L. It has been shown that 50 mmol/L 
is a concentration within the range of  blood alcohol levels 
in intoxicated humans[19]. Figure 1 shows an example of  
[Ca2+]i oscillations evoked by ethanol. In addition, it is 
possible that ethanol sensitizes the tissue to physiological 
agonists[20]. Therefore, a transformation of  physiologically 

evoked oscillations in [Ca2+]i by agonists into a single 
transient signal[21] will be expected. As a consequence, 
ethanol leads to an increase in the total Ca2+ mobilization 
in response to the agonist[11].

In this sense, ethanol might present a direct action on 
the Ca2+ releasing mechanisms, whereas, on the other hand, 
it might be reducing the action of  the pumps that extrude 
Ca2+ from the cytosol i.e. the plasma membrane Ca2+-
ATPase (PMCA) and the sarco-endoplasmic reticulum 
Ca2+-ATPase (SERCA). A slowing down of  the activity 
of  these pumps would lead to delayed Ca2+ extrusion out 
from the cytosol and, therefore, to an accumulation of  the 
ion within the cytosol. This inhibition of  Ca2+ pumping 
activity is probably due to the generation of  ROS by ethanol 
metabolism[11,18], as will be discussed in the following section.

On the other hand, the actions of  ethanol could be 
directed towards the mechanisms involved in Ca2+ influx. 
Further evidences for a cytosolic Ca2+ overload in the 
presence of  ethanol come from the work by Del Castillo-
Vaquero et al[21], who show that Ca2+ entry into the cells 
is increased in the presence of  ethanol. This effect is also 
due to the generation of  free radicals. This increased 
Ca2+ influx into the cells might be responsible for the 
potentiation of  [Ca2+]i signals in response to physiological 
concentrations of  cholecystokinin.

However, controversy exists and there are works that 
show little or no effect of  ethanol on Ca2+ signalling. 
These studies propose an indirect action of  ethanol on 
Ca2+ homeostasis. In this case, non-oxidative metabolites 
of  ethanol (fatty acid ethyl esters and fatty acids) are 
those who evoke repetitive short-lasting [Ca2+]i spikes. 
In addition, fatty acids elicit a marked reduction in the 
cytosolic adenosine triphosphate (ATP) level, pointing 
towards the mitochondria as the putative point of  
action[12,22]. More recently, it has been proposed that these 
metabolites of  ethanol release Ca2+ from the thapsigargin-
sensitive ER as well as from a bafilomycin-sensitive acid 
compartment, which is localized exclusively in the apical 
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Figure 1  Time-course of changes in [Ca2+]i in response to ethanol. Cells were 
loaded with the fluorescent probe fura-2. Changes in fluorescence emitted by the 
fluorophore reflect changes in [Ca2+]i. In this setup, pancreatic acinar cells were 
stimulated with 10 mmol/L ethanol, which induced an oscillatory pattern in [Ca2+]i. 
The horizontal bar indicates the time during which ethanol was applied to the cells. 
(nm, nanometers).



granular pole. The emptying of  this acidic compartment is 
linked to intracellular activation of  digestive enzymes[14].

Putting all these observations together it can be seen 
that the actions of  ethanol on pancreatic acinar cells create 
a situation potentially leading to a Ca2+ overload, a critical 
process in the initiation of  alcohol-related acute pancreatitis.

ETHANOL AND REACTIVE OXYGEN 
SPECIES
ROS are a molecular group that can be produced in the 
course of  different physiological processes and can react 
with a large variety of  oxidizable cellular components. 
Thus, ROS have been considered as pathogenic factors in 
a variety of  tissues and cells, including the pancreas[23,24]. 
Now there is growing evidence indicating that the 
exocrine pancreas is vulnerable to damage from ROS 
generated by ethanol metabolism[25].

It has been proposed that ethanol induces generation 
of  oxygen radicals in pancreatic acinar cells[11,26,27]. Indeed, 
ethanol leads to an increase in fluorescence of  CM-
H2DCFDA, reflecting an increase in oxidation. A decrease 
in oxidation was observed in the absence of  extracellular 
Ca2+ and in the presence of  the Ca2+ chelator ethylene 
glycol-bis (2-aminoethylether)-N,N,N´,N´-tetraacetic acid 
(EGTA), indicating a Ca2+-mediated process for ethanol-
evoked ROS generation. Similarly, when the cells were 
challenged in the presence of  the intracellular Ca2+ chelator 
1,2-Bis (2-amino-5-methylphenoxy) ethane-N,N,N´,N´ 
-tetraacetic acid (BAPTA) and in the absence of  extra­
cellular Ca2+, the responses to ethanol were reduced. 
Thus, ethanol might exert its deleterious effects, at least 
in part, via generation of  ROS[17]. Recently, it has been 
shown that oxidative metabolization of  ethanol by alcohol-
dehydrogenase leads to the generation of  free radicals in 
pancreatic acinar cells[18,21]. Additionally, ethanol leads to a 

delayed extrusion of  Ca2+ from the cytosol via generation 
of  ROS[11,18]. However, the involvement of  other enzymes 
and other metabolical routes in ethanol-derived free 
radicals generation cannot be excluded. Involvement 
of  NADPH oxidase activity in ethanol-mediated ROS 
generation has been demonstrated. Evidence regarding 
this point derives from the work by Hu et al[28], who show 
that ethanol augments the activation of  the cell’s NADPH 
oxidase system stimulated by platelet-derived growth factor 
PDGF and causes proliferation of  stellate cells. Activated 
stellate cells are considered the principal mediators of  
chronic alcoholic pancreatitis/fibrosis.

Figure 2 shows the time course of  changes in CM-
H2DCFDA-derived fluorescence in response to ethanol. 
CM-H2DCFDA is a stable nonfluorescent molecule that 
passively diffuses into cells where the acetate can be 
cleaved by intracellular esterases to produce a polar diol 
that is well retained within the cells. The diol can then be 
oxidized by ROS to a fluorescent form. This dye has been 
proved to be an excellent probe for determination of  
ROS production[29,30].

ETHANOL AND CELLULAR 
PROLIFERATION
Moderate and high alcohol intake levels over a lifetime 
might increase cancer risk[31]. MAPK family members, 
including extracellular signal-regulated protein kinase (Erk), 
p38MAPK (p38) and c-jun NH2-terminal kinase (JNK), 
mediate a wide variety of  cellular processes in response 
to extracellular stimuli. Once MAPKs are activated, they 
phosphorylate target molecules in the cytoplasm and 
nucleus, resulting in the regulation of  gene expression 
concerned with proliferation, migration, extracellular 
matrix degradation and differentiation[8]. JNK and 
p38MAPK family members function in a cell context-
specific and cell type-specific manner to integrate signals 
that affect these events. Consistent with the importance 
of  these processes in tumorigenesis, JNK and p38MAPK 
signalling is associated with cancer[32].

To date there are several studies that implicate MAPK 
pathway as a critical regulator of  the effects of  ethanol and 
its metabolite, acetaldehyde, on acinar cells. Implication 
of  the MAPK pathway as a critical regulator of  the 
effects of  ethanol and acetaldehyde on acinar cells has 
been proposed[33]. Ethanol and acetaldehyde increased 
the activation of  all 3 subfamilies (ERK 1/2, JNK and 
p38 kinase) of  the MAPK pathway. Treatment of  cells 
with the inhibitor SB203 580 abolished the ethanol- and 
acetaldehyde-induced increase in p38 MAPK activity[34]. 
Furthermore, ethanol- and acetaldehyde-induced activation 
of  MAPs was blocked by the antioxidant N-acetyl-
cysteine, suggesting a role of  oxidative stress in the signal 
transduction[35].

One study suggests a potential role for these pathways 
in contributing to the development of  alcohol-related 
pancreatic carcinogenesis. In this study, ethanol stimulation 
of  cell proliferation was inhibited by inhibition of  mitogen-
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Figure 2  Time-course of ethanol-evoked reactive oxygen species (ROS) 
production in mouse pancreatic acinar cells. Pancreatic acinar cells were 
loaded with CM-H2DCFDA, a stable non-fluorescent molecule that yields a polar 
diol that is well retained within the cells. The diol can then be oxidized by ROS 
to a fluorescent form; therefore this dye has been proved to be an excellent 
probe for determination of ROS production. In this setup, stimulation of cells with  
50 mmol/L ethanol (EtOH) led to a significant increase in ROS generation. At the 
end of the experiment H2O2 (100 μmol/L) was added, as a positive control for 
oxidation. AU, absolute units of fluorescence.
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pancreatic acini from pair-fed control rats[42,43]. In another 
study, ethanol with a low dose of  CCK-8 but not ethanol 
alone was found to generate zymogen conversion that 
was 6-fold higher than that caused by CCK-8 alone[44]. In 
summary, all these studies show that ethanol diet sensitizes 
rats to the development of  hormone-induced pancreatitis.

ETHANOL AND INFLAMMATION
Over the past several years, evidence has been accumu­
lating on the involvement of  inflammatory cytokines and 
chemokines in the development of  pancreatitis[20,42,45,46]. 
It has been reported that the levels of  IL-6 and TNF-α 
were up-regulated in pancreas from rats with experimental 
pancreatitis and that the blockade of  these cytokines atten­
uates the disease[45-49]. Furthermore, a strong correlation 
was observed between the IL-6 level in serum and the 
severity of  human pancreatitis[50,51].

It has been reported that ethanol acts to sensitize 
the pancreas to the deleterious effects of  other stimuli 
such as the physiological agonist CCK-8, which then 
leads to an inflammatory response and pancreatitis. This 
effect is, in part, mediated by augmenting activation of  
proinflammatory factors[20,42]. It has been shown that 
rat cerulein pancreatitis is associated with rapid NF-κB 
activation and that NF-κB activation mediates intrapan­
creatic up-regulation of  IL-6[49]. Interestingly, ethanol diet 
potentiates the ability of  CCK-8 to activate NF-κB which 
in turns causes an increase in the cytokine expression, 
suggesting that activation of  NF-κB can be one of  the 
mechanisms for ethanol-induced cytokine up-regulation in 
the CCK-treated animals[20,42,45].

Another observed effect of  ethanol consumption is 
that it alone attenuated pancreatic NF-κB and decreased 
the expression of  IL-6, iNOS and MIP-2, all of  which 
are regulated by NF-κB[42]. Furthermore, a decrease in 
the levels of  prostaglandin E2 has been reported and 
could also be involved in alcohol-induced injury in the 
pancreas[52]. In summary, ethanol diet causes sensitization 
to CCK-8-induced activation of  pancreatic NF-κB and 
cytokine/chemokine mRNA expression, and ethanol 
itself  causes down-regulation of  NF-κB activity and 
mRNA levels for certain cytokines and chemokines. 
Both mechanisms i.e. hormone sensitization and down-
regulation of  NF-κB, cytokines and chemokines, could 
be involved in the development of  the pro-inflammatory 
effect of  ethanol in the pancreas.

CONCLUSION
Pancreatic acinar cells and other pancreatic cells can meta­
bolize ethanol and the consequent generation of  toxic 
metabolites are postulated to play an important role in 
the development of  alcohol-related acute and chronic 
pancreatic injury. Ethanol may itself, or through its oxidative 
or non-oxidative metabolites, lead to Ca2+ mobilization 
from intracellular stores, sensitization of  the tissue to Ca2+-
mobilizing agonists and/or decrease the activity of  Ca2+ 
transport mechanisms. As a consequence, ethanol leads to 

activated protein kinase (ERK1/2) and by blocking 
epidermal growth factor receptor-specific tyrosine kinase[36].

On the other hand, the intracellular signalling mech­
anisms regulating ethanol-induced cellular activation 
include the MAPK pathway and the factors responsible 
for mediating cell activation include ethanol itself, its 
metabolite acetaldehyde, oxidant stress and cytokines 
released during episodes of  alcohol-induced pancreatic 
necroinflammation[37].

ETHANOL AND ENZYME SECRETION
The premature activation of  digestive proenzymes, speci­
fically proteases, within the pancreatic acinar cell is an 
early and critical event during acute pancreatitis. One of  
the early events leading to alcoholic pancreatitis seems to 
be the effect of  ethanol on stimulus-secretion coupling 
mechanisms. In pancreatic acinar cells, a number of  
PLC-acting secretagogues, such as acetylcholine and 
cholecystokinin, regulate secretion via activation of  a 
number of  kinases concomitantly with the generation of  
repetitive local cytosolic Ca2+ signals in the apical pole. 
This leads to the fusion of  the secretory vesicles with the 
apical membrane of  the acinar cell and the exocytosis of  
the content into the extracellular space[38].

Classically, it is known that ethanol causes a dose-
dependent inhibition of  enzyme synthesis without affecting 
exocytosis of  preformed or newly synthesized protein. This 
is a direct inhibitory effect of  ethanol and is not mediated 
by its metabolic processing[39]. However, treatment of  
pancreatic acini with ethanol does not induce any significant 
effect on amylase release at a wide range of  concentrations 
(1-50 mmol/L)[17,39]. These results indicate that ethanol 
likely lacks a direct role in secretion although it decreases 
the enzymatic synthesis.

In contrast, ethanol can modulate the secretagogue-
induced secretion. Incubation of  cells with 50 mmol/L 
ethanol clearly reduces amylase release stimulated by 
CCK-8. The inhibitory effect of  ethanol on CCK-8-
induced amylase secretion was abolished by dithiothreitol, a 
sulfhydryl reducing agent, suggesting a ROS-mediated acton 
on ethanol effects[17]. The effect of  ethanol in modulating 
the secretory response to CCK-8 could be related to the 
ability of  ethanol to modulate the inflammatory response 
of  the pancreas to low concentrations of  CCK-8 (the 
molecular mechanism involved will be discussed further in 
the next section).

Data on the effects of  ethanol on pancreatitis induced 
by high (supramaximal) concentration of  CCK-8 are contra­
dictory, with it being reported that alcohol can worsen[40] 
or produce no effect on fully developed pancreatitis[41]. 
However, the effect of  ethanol treatment on the ability 
of  low doses of  CCK-8 to produce pancreatic damage 
has been clearly demonstrated[42]. The idea that ethanol 
sensitizes the pancreas to the action of  low doses of  the 
hormone agrees with the results of  in vitro experiments. 
Pancreatic acinar cells isolated from rats fed ethanol for 
9-12 mo were found more susceptible to cerulein-induced 
activation of  trypsinogen and chymotrypsinogen than 
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cytosolic Ca2+ overload. Intracellular Ca2+ overload has been 
related to ROS over production which, in turn, can further 
increase cytosolic Ca2+ accumulation because oxidants 
impair Ca2+ handling by the cell. In addition, ethanol or 
its metabolites inhibit secretagogue-induced secretion 
of  enzymes, that will then accumulate within the cell. 
Inhibition of  zymogen secretion can lead to its intracellular 
activation, setting the starting point for autodigestion 
of  the gland and a consequent inflammatory process. 
Moreover, ethanol causes an increase in the cytokine 
expression in response to agonists which represents  
a crosstalk with inflammation pathways. On the other hand, 
moderate and high alcohol intake levels over a lifetime 
might increase cancer risk through activation of  a wide 
variety of  cellular processes in response to extracellular 
stimuli that can led to tumorigenesis. The putative 
mechanisms of  action of  ethanol on pancreatic acinar 
cells physiology are summarised in Figure 3. In conclusion, 
ethanol impairs the exocrine pancreas function, creating 
a situation potentially leading to the development of  
pancreatic diseases.
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metabolites can activate intracellular routes for inflammation and/or cell proliferation, 
contributing to the impairment of cell function and to an uncontrolled cell growth. ER: 
Endoplasmic reticulum; SERCA: Sarco-endoplasmic reticulum Ca2+-ATPase; 
PMCA: Plasma membrane Ca2+-ATPase; IP3R: Inositol 1,4,5-trisphosphate.
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