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Abstract: Intracellular Ca2+ signalling is a major signal transductional pathway in non-excitable cells,
responsible for the regulation of a variety of physiological functions. In the secretory epithelial cells of
the exocrine pancreas, such as acinar and ductal cells, intracellular Ca2+ elevation regulates digestive
enzyme secretion in acini or fluid and ion secretion in ductal cells. Although Ca2+ is a uniquely
versatile orchestrator of epithelial physiology, unregulated global elevation of the intracellular Ca2+

concentration is an early trigger for the development of acute pancreatitis (AP). Regardless of the
aetiology, different forms of AP all exhibit sustained intracellular Ca2+ elevation as a common
hallmark. The release of endoplasmic reticulum (ER) Ca2+ stores by toxins (such as bile acids or fatty
acid ethyl esters (FAEEs)) or increased intrapancreatic pressure activates the influx of extracellular
Ca2+ via the Orai1 Ca2+ channel, a process known as store-operated Ca2+ entry (SOCE). Intracellular
Ca2+ overload can lead to premature activation of trypsinogen in pancreatic acinar cells and impaired
fluid and HCO3

- secretion in ductal cells. Increased and unbalanced reactive oxygen species (ROS)
production caused by sustained Ca2+ elevation further contributes to cell dysfunction, leading to
mitochondrial damage and cell death. Translational studies of AP identified several potential target
molecules that can be modified to prevent intracellular Ca2+ overload. One of the most promising
drugs, a selective inhibitor of the Orai1 channel that has been shown to inhibit extracellular Ca2+

influx and protect cells from injury, is currently being tested in clinical trials. In this review, we will
summarise the recent advances in the field, with a special focus on the translational aspects of the
basic findings.
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1. Ca2+ Signalling and Acute Pancreatitis

Acute pancreatitis (AP) is an inflammatory disease of the pancreas associated with significant
morbidity and mortality. AP is one of the most frequent causes of hospitalisation among non-malignant
gastrointestinal disorders, whereas the global disease incidence has increased in the past several
decades [1–3]. Although overall disease mortality has decreased in recent years [4], the mortality from
severe forms of AP (comprising about 10% of all cases) remains remarkably high (~28%) [5]. AP is
primarily caused by impacted gallstones or heavy alcohol consumption; however, the incidence
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of iatrogenic AP caused by endoscopic retrograde cholangiopancreatography (ERCP) or drug
administration (such as L-asparaginase) has also increased [5]. Regardless of the different pathogenic
factors that may lead to acute inflammation of the pancreas, all cases are associated with sustained
elevated intracellular Ca2+ levels, which are a hallmark of AP pathogenesis [6]. Intracellular Ca2+

overload can lead to premature trypsinogen activation [7,8], mitochondrial damage and cell necrosis in
pancreatic acinar cells [9]. Our group has reported that sustained elevation of intracellular Ca2+ in
ductal cells impairs fluid and HCO3

- secretion [10,11], which are key functions of ductal cells, and also
triggers mitochondrial damage with consequent ATP depletion and cell damage [12]. As detailed
below, toxins induce Ca2+ release from the endoplasmic reticulum (ER) intracellular Ca2+ stores, which
is considered as the initial step in the development of sustained Ca2+ elevation. Inhibition of the
uncaged IP3-induced Ca2+ release by caffeine and other non-xanthine phosphodiesterase inhibitors
leads to the impairment of toxin-induced Ca2+ release and prevents mitochondrial depolarisation
and acinar cell necrosis. It also improves the severity of cerulein, bile acid or fatty acid ethyl ester
(FAEE)-induced experimental AP in mice [13]. Sustained Ca2+ signals can lead to mitochondrial
injury, which can activate both apoptosis and necrosis. In the pathogenesis of AP opening of the
mitochondrial permeability transition pore (MPTP) triggered by sustained elevated Ca2+ levels is an
initiating step in mitochondrial membrane potential (∆Ψm) loss, impaired mitochondrial ATP synthesis
and increased permeability of the inner mitochondrial membrane, resulting in mitochondrial swelling
and necrosis [14,15]. Genetic or pharmacologic inhibition of the MPTP resulted in the improvement of
the AP phenotype and acinar [16] and ductal [17] cell injury both in vitro and in vivo.

1.1. Intracellular Ca2+ in Biliary AP

Bile acids are known to trigger dose-dependent elevations in intracellular Ca2+ concentrations
in isolated pancreatic acinar [18] and ductal cells [19] in vitro, which is due to Ca2+ release from
intracellular stores via the activation of IP3 and ryanodine receptors, sarco-endoplasmic reticulum
Ca2+ pump (SERCA) inhibition [20] and extracellular Ca2+ influx activation [21] (Figure 1). The toxic
effects of bile acids on pancreatic acinar cells also involve the activation of the G-protein-coupled cell
surface bile acid receptor (Gpbar1) at the apical membrane, which also contributes to the development
of sustained Ca2+ elevation and its downstream effects [22]. On the other hand, Gpbar1 knockout mice
were protected against taurolithocholic acid 3-sulfate-induced AP, an experimental model of biliary AP.

The pancreatic ductal epithelia can be another possible target of bile acids in the exocrine pancreas.
Previous reports have suggested that increases in intracellular Ca2+ in pancreatic ductal epithelial
cells leads to a marked dose-dependent decrease in HCO3

- secretion upon bile acid exposure of
isolated pancreatic ductal fragments [19]. In addition, bile acids inhibit intracellular ATP production
and decreased ∆Ψm in acinar [23,24] and ductal cells [12]. Interestingly, bile acid toxicity was not
abolished by the removal of intracellular Ca2+ elevation using a Ca2+ chelator, BAPTA-AM, neither
in acinar [23] nor in ductal cells [19], suggesting the existence of other parallel Ca2+-independent
effects of bile acids on the mitochondria. Besides inducing mitochondrial toxicity, bile acids have
also been shown to activate calcineurin in a Ca2+-dependent manner in pancreatic cells, leading to
premature digestive enzyme and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
activation [25]. The inhibition of calcineurin pharmacologically or by genetic knockout, reduced the
severity of taurolithocholate 3-sulfate (TLCS)-induced AP and impaired protein kinase C, an upstream
regulator of NF-κB activation and translocation [26].
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Figure 1. Intracellular Ca2+ signalling in biliary acute pancreatitis. Bile acids dose-dependently release 
Ca2+ from intracellular stores via activation of IP3 and ryanodine receptors (RyR). The inhibition of the 
sarco-endoplasmic reticulum Ca2+ pump (SERCA) and activation of Orai1-mediated extracellular Ca2+ 
influx contributes to the sustained global Ca2+ signals. Bile acids can activate the G-protein-coupled 
cell surface bile acid receptor (Gpbar) at the apical membrane of pancreatic acinar cells that also 
release Ca2+ from the endoplasmic reticulum. Mitochondrial Ca2+ overload can lead to mitochondrial 
damage by opening the mitochondrial permeability transition pore and dissipating the mitochondrial 
membrane potential. In addition, bile acids have been demonstrated to activate calcineurin in a Ca2+-
dependent manner in pancreatic cells, leading to premature digestive enzyme and NF-κB activation. 

1.2. Intracellular Ca2+ in Alcoholic AP 

Heavy alcohol consumption is the second most frequent cause of AP [1]. As only a minority of 
alcoholics develop AP, genetic factors seem to play a major role in disease pathogenesis [27]. 
However, direct treatment with ethanol and different non-oxidative ethanol metabolites have a 
damaging effect on acinar and ductal cells. In contrast to other organs, such as the liver, non-oxidative 
ethanol metabolism is the dominant metabolic pathway in the pancreas [28], which is mediated by 
enzymes with FAEE synthase activity [29], which combine ethanol and fatty acids to generate FAEE 
[30]. Early studies suggested that more than 70% of FAEEs are preferentially accumulated in the 
mitochondria in cardiomyocytes, which is the site of fatty acid hydrolysis [31]. Huang et al. 
investigated FAEE hydrolysis in pancreatic acinar cells using a fluorescently tagged palmitoleic acid 
probe that releases fluorescein upon hydrolysis [32]. Their results suggest that FAEEs accumulate in 
mitochondria and that their local breakdown leads to high concentrations of fatty acids. Like bile 
acids, FAEEs have been shown to induce sustained [Ca2+]i elevation and reduced levels of cellular 
ATP, leading to necrosis [9,33,34] (Figure 2). Our group has demonstrated previously that alcohol 
and fatty acids inhibit fluid and HCO3- secretion in the pancreatic ductal epithelia, mainly due to 
impaired expression and function of the cystic fibrosis transmembrane conductance regulator (CFTR) 
[35], which was restored by ATP supplementation [36]. Inhibition of CFTR activity was mediated by 
sustained intracellular Ca2+ elevation, decreased adenosine 3′,5′-cyclic monophosphate (AMP) levels 

Figure 1. Intracellular Ca2+ signalling in biliary acute pancreatitis. Bile acids dose-dependently release
Ca2+ from intracellular stores via activation of IP3 and ryanodine receptors (RyR). The inhibition of the
sarco-endoplasmic reticulum Ca2+ pump (SERCA) and activation of Orai1-mediated extracellular Ca2+

influx contributes to the sustained global Ca2+ signals. Bile acids can activate the G-protein-coupled cell
surface bile acid receptor (Gpbar) at the apical membrane of pancreatic acinar cells that also release Ca2+

from the endoplasmic reticulum. Mitochondrial Ca2+ overload can lead to mitochondrial damage by
opening the mitochondrial permeability transition pore and dissipating the mitochondrial membrane
potential. In addition, bile acids have been demonstrated to activate calcineurin in a Ca2+-dependent
manner in pancreatic cells, leading to premature digestive enzyme and NF-κB activation.

1.2. Intracellular Ca2+ in Alcoholic AP

Heavy alcohol consumption is the second most frequent cause of AP [1]. As only a minority of
alcoholics develop AP, genetic factors seem to play a major role in disease pathogenesis [27]. However,
direct treatment with ethanol and different non-oxidative ethanol metabolites have a damaging effect
on acinar and ductal cells. In contrast to other organs, such as the liver, non-oxidative ethanol
metabolism is the dominant metabolic pathway in the pancreas [28], which is mediated by enzymes
with FAEE synthase activity [29], which combine ethanol and fatty acids to generate FAEE [30]. Early
studies suggested that more than 70% of FAEEs are preferentially accumulated in the mitochondria
in cardiomyocytes, which is the site of fatty acid hydrolysis [31]. Huang et al. investigated FAEE
hydrolysis in pancreatic acinar cells using a fluorescently tagged palmitoleic acid probe that releases
fluorescein upon hydrolysis [32]. Their results suggest that FAEEs accumulate in mitochondria and
that their local breakdown leads to high concentrations of fatty acids. Like bile acids, FAEEs have
been shown to induce sustained [Ca2+]i elevation and reduced levels of cellular ATP, leading to
necrosis [9,33,34] (Figure 2). Our group has demonstrated previously that alcohol and fatty acids inhibit
fluid and HCO3

- secretion in the pancreatic ductal epithelia, mainly due to impaired expression and
function of the cystic fibrosis transmembrane conductance regulator (CFTR) [35], which was restored
by ATP supplementation [36]. Inhibition of CFTR activity was mediated by sustained intracellular
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Ca2+ elevation, decreased adenosine 3′,5′-cyclic monophosphate (AMP) levels and impaired ATP
production accompanied by ∆Ψm depolarisation. Ethanol has reduced CFTR expression via accelerated
plasma membrane turnover and impaired CFTR membrane stability. These alterations in the ductal
cells increased the severity of alcohol-induced AP in mice.
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Figure 2. Intracellular Ca2+ signalling in alcoholic acute pancreatitis. In the pancreas, non-oxidative 
ethanol metabolism is the dominant metabolic pathway mediated by enzymes with fatty acid ethyl 
ester (FAEE) synthase activity, which combine ethanol and fatty acids to generate FAEE. In pancreatic 
acinar cells, FAEEs are accumulated in the mitochondria and their local breakdown leads to localised 
high concentrations of fatty acids. Similar to bile acids, FAEEs induce sustained [Ca2+]i elevation and 
drop of cellular ATP leading to necrosis. In addition, alcohol and fatty acids inhibit fluid and HCO3- 
secretion in the pancreatic ductal epithelia, mainly due to the impaired expression and function of the 
cystic fibrosis transmembrane conductance regulator (CFTR). 

1.3. Intracellular Ca2+ in Drug-Induced AP 

AP is a relatively frequent complication of medical treatments, leading to painful inflammation 
and hospitalisation, and may serve as an indication to alter or cease otherwise effective therapy. 
Asparaginase, a long-term medication used to treat acute lymphoblastic leukaemia (ALL) in children, 
is one of the most likely drugs to induce AP. The incidence of asparaginase-induced AP is above 10% 
[37], making it one of the most common causes for halting therapy for ALL [38]. Recently, Peng et al. 
demonstrated that the treatment of isolated pancreatic acinar cell clusters with asparaginase triggers 
similar changes in intracellular Ca2+ signalling as bile acids and ethanol metabolites [39]. They 
showed that asparaginase treatment leads to intracellular Ca2+ release, followed by extracellular Ca2+ 
entry activation. Ca2+ extrusion was also severely impaired, due to decreased intracellular ATP 
production, leading to cell necrosis. The inhibition of protease-activated receptor 2 (PAR2) abolished 
the toxic intracellular Ca2+ signals, suggesting that the toxic effect of asparaginase is mediated by 
PAR2 activation. In addition, inhibition of the Ca2+ entry by the selective Orai1 inhibitor, GSK-7975A, 
protected acinar cells from Ca2+-induced damage. Similar effects were observed in vitro and in vivo 

Figure 2. Intracellular Ca2+ signalling in alcoholic acute pancreatitis. In the pancreas, non-oxidative
ethanol metabolism is the dominant metabolic pathway mediated by enzymes with fatty acid ethyl
ester (FAEE) synthase activity, which combine ethanol and fatty acids to generate FAEE. In pancreatic
acinar cells, FAEEs are accumulated in the mitochondria and their local breakdown leads to localised
high concentrations of fatty acids. Similar to bile acids, FAEEs induce sustained [Ca2+]i elevation and
drop of cellular ATP leading to necrosis. In addition, alcohol and fatty acids inhibit fluid and HCO3

-

secretion in the pancreatic ductal epithelia, mainly due to the impaired expression and function of the
cystic fibrosis transmembrane conductance regulator (CFTR).

1.3. Intracellular Ca2+ in Drug-Induced AP

AP is a relatively frequent complication of medical treatments, leading to painful inflammation
and hospitalisation, and may serve as an indication to alter or cease otherwise effective therapy.
Asparaginase, a long-term medication used to treat acute lymphoblastic leukaemia (ALL) in children,
is one of the most likely drugs to induce AP. The incidence of asparaginase-induced AP is above
10% [37], making it one of the most common causes for halting therapy for ALL [38]. Recently, Peng
et al. demonstrated that the treatment of isolated pancreatic acinar cell clusters with asparaginase
triggers similar changes in intracellular Ca2+ signalling as bile acids and ethanol metabolites [39].
They showed that asparaginase treatment leads to intracellular Ca2+ release, followed by extracellular
Ca2+ entry activation. Ca2+ extrusion was also severely impaired, due to decreased intracellular ATP
production, leading to cell necrosis. The inhibition of protease-activated receptor 2 (PAR2) abolished
the toxic intracellular Ca2+ signals, suggesting that the toxic effect of asparaginase is mediated by
PAR2 activation. In addition, inhibition of the Ca2+ entry by the selective Orai1 inhibitor, GSK-7975A,
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protected acinar cells from Ca2+-induced damage. Similar effects were observed in vitro and in vivo
by replacing glucose with galactose, which prevented the loss of ATP and protected acinar cells from
necrosis [40].

2. Interplay between Ca2+ and Redox Signalling in Acute Pancreatitis

Reactive oxygen species (ROS) are normal components of physiological signalling processes in
cells. The intracellular level of ROS is balanced by oxidant production and antioxidant processes. ROS
are generated during mitochondrial respiration and are mainly derived from complex I and III of
the mitochondrial electron transport chain [41]. In recent decades, numerous roles of ROS have been
identified to play a variety of roles in intracellular signalling [42]. Booth et al. demonstrated that the
ER–mitochondrial interface hosts a H2O2 nanodomain, which is triggered by increased cytoplasmic
Ca2+ levels and is a positive regulator of Ca2+ oscillations. Such nanodomains can be considered as
important elements in inter-organelle communication [43]. ROS production also exerts various effects
on the ion channels and pumps that are involved in intracellular Ca2+ signalling, which was reviewed
in detail previously [44]. Although ROS play an important role in cellular signalling, unbalanced ROS
production contributes to the pathogenesis of a variety of diseases by disrupting the lipid membranes,
proteins and nucleic acids [45]. In relation to AP, previous studies have shown that ROS generation
determines pancreatic acinar cell fate, as elevated levels of ROS induced by the oxidant menadione led
to increased apoptotic cell death [46]. In addition, bile acids have been shown to induce ROS generation
within the mitochondria in pancreatic acinar cells, leading to mitochondrial Ca2+ increases in both
mice and humans [47], which was inhibited by N-acetylcysteine. Therefore, mitochondrial targeting of
antioxidants may be a potential therapeutic strategy for treating AP. However, mitochondrial targeting
of antioxidants using positively charged molecules that insert into the inner mitochondrial membrane
was harmful to pancreatic acinar cells, most likely due to the wide involvement of ROS in the regulation
of intracellular signalling and bioenergetics [48]. Moreover, during AP pathogenesis, ROS, released by
circulating neutrophils during the inflammatory response, might also contribute to the development of
cell damage and local and systemic complications of AP [49].

Transient Receptor Potential Melastatin-like 2 (TRPM2) is a Ca2+-permeable non-selective cation
channel, which has been identified to act as a cellular redox sensor [50,51], and plays an important
role in physiological processes such as insulin secretion [52] and the central regulation of body
temperature [53]. Perraud et al. demonstrated that TRPM2 is activated by H2O2 via an indirect
mechanism mediated by the intracellular production of adenosine diphosphate ribose (ADPR) which
then binds to and stimulates the C-terminal ADPR pyrophosphatase Nudix-like domain (NUDT9-H
motif) of TRPM2 [54]. This channel not only has prominent roles in physiology, but its contribution
to pathologic conditions was also emphasised [55]. Ca2+ influx mediated by TRPM2 elevates
chemokine production in monocytes, resulting in increased neutrophil infiltration in inflammatory
bowel diseases [56]. In addition, TRPM2 contributes to the pathogenesis of xerostomia induced by
irradiation [57]. Liu et al. demonstrated that ROS production increases as a side effect of irradiation
during radiotherapy of head and neck cancers, leading to TRPM2 activation, resulting in extracellular
Ca2+ influx in salivary glands. Sustained intracellular Ca2+ elevation reduced the secretory function of
acinar cells, leading to the development of xerostomia, which is a common side effect of radiotherapy
in these patients. In addition, after irradiation, mitochondrial Ca2+ concentration and ROS production
are elevated in a TRPM2-dependent manner, leading to impaired ∆ψm and activated caspase-3 [58].
These changes result in a sustained decrease in stromal interaction molecule 1 (Stim1) expression
and decreased store-operated Ca2+ entry (SOCE). In the endocrine pancreas, TRPM2 plays a role in
diabetic stress-induced mitochondrial fragmentation. Abuarab et al. demonstrated that high glucose
concentrations stimulate ROS production, which activates TRPM2, leading to lysosomal membrane
permeabilisation and Zn2+-mediated mitochondrial fission [59]. These studies highlight that TRPM2 is
expressed in various epithelial cells and they demonstrate the fundamental role of this protein in the
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pathogenesis of oxidative-stress-related disease pathogenesis. However, the expression or function of
TRPM2 in exocrine pancreatic cells has not been investigated.

In a recent study, we described the expression of TRPM2 in the exocrine pancreas and established
the role of TRPM2 in biliary AP [60] (Figure 3). TRPM2 was localised to the basolateral membrane
in mouse pancreatic acinar cells, but apically in mouse pancreatic ductal cells. We have found
that H2O2-induced oxidative stress activated TRPM2. In our experiments, CDC resulted in [Ca2+]i

elevation, both in acinar and ductal cells, but the knockout of TRPM2 decreased the CDC-induced
Ca2+ elevation only in acinar cells, suggesting that the TRPM2 channel contributes to approximately
22% of the bile-acid-generated Ca2+ signal in acinar cells. Interestingly, our results demonstrated
that bile-acid-induced intracellular ROS production is remarkably different in pancreatic acinar and
ductal cells. These findings provide a mechanistic explanation for the differing involvement of
TRPM2 in the Ca2+ response generated by bile acid in these different cell types. The difference
in ROS production may be explained by the difference in the mitochondrial mass in acinar versus
ductal cells [12,61]. As expected, we were not able to detect any protective effects due to genetic
deletion of TRPM2 in the inhibition of pancreatic ductal secretion induced by bile acids. In this study,
the lack of TRPM2 significantly reduced the H2O2 and bile-acid-induced necrosis in pancreatic acinar
cells. We also demonstrated that the rate of necrosis was significantly reduced in an experimental
model of biliary pancreatitis in TRPM2 knockout mice as compared to wild type (WT) animals,
consistent with in vitro observations. In agreement with our findings, Booth et al. documented that
incubation of pancreatic acinar cells with TLCS in vitro leads to Ca2+-dependent necrosis, which is
abolished by pre-treatment with BAPTA-AM [47]. Using different inhibitors to prevent apoptosis
and necrosis, the authors suggested that elevated intracellular and intramitochondrial ROS are the
major triggers of apoptosis, while increases in intracellular and intramitochondrial Ca2+ are the
major triggers of necrosis. Bile acids are known to inhibit cellular ATP production [24] and decrease
∆Ψm [23]. Thus, we also measured the effect of bile acid treatment on ∆Ψm in TRPM2 KO and
WT acinar cells. Genetic deletion of TRPM2 or removal of extracellular Ca2+ markedly reduced the
decrease in ∆ψm, suggesting that TRPM2-mediated extracellular Ca2+ influx plays a crucial role in
oxidative-stress-induced mitochondrial damage. In contrast, this protective effect was not detected in
bile-acid-treated cells. This may be explained by the direct Ca2+-independent mitochondrial toxicity
of bile acids [62]. Based on the previous findings of our group [19] and others, [23] we hypothesise
that prevention of intracellular Ca2+ elevation cannot completely abolish the toxic effects of bile acids.
We did not observe mitochondrial fragmentation in our experiments, which has been previously
linked to TRPM2 activation [59]. In addition, genetic deletion of TRPM2 reduced the severity of
bile-acid-induced experimental pancreatitis; however, we did not observe this protective effect in
cerulein-induced AP in TRPM2 knockout mice.
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Figure 3. The role of Transient Potential Melastatin-like 2 (TRPM2) in biliary pancreatitis. Increased, 
unbalanced production of ROS, which are generated during physiological mitochondrial respiration, 
are mainly derived from complexes I and III of the mitochondrial electron transport chain, a crucial 
event in the pathogenesis of biliary acute pancreatitis. In our recent study, we described the 
expression of a redox sensitive cation channel, TRPM2, in the exocrine pancreas with basolateral 
localisation in acinar cells and apical localisation in ductal cells. H2O2-induced oxidative stress 
activated TRPM2, whereas TRPM2 knockout decreased the bile acid-induced Ca2+ elevation in acinar 
cells and prevented acinar cells from bile-acid-induced necrosis. Genetic deletion of TRPM2 reduced 
the severity of bile-acid-induced experimental pancreatitis. 

3. Store-Operated Ca2+ Entry and Acute Pancreatitis 

As highlighted above, sustained intracellular Ca2+ elevation plays a central role in the 
development of cellular injury in AP, regardless of the ethiology. In the polarised pancreatic acinar 
cells, the release of the ER Ca2+ stores in response to physiological agonist stimulation takes place at 
the apical granular region of the cell [63,64] (Figure 4). This apical release is achieved by the invasion 
of ER into the granular pole surrounding zymogen granules [65]. The spatiotemporal localisation and 
thus prevention of the evolution of local IP3-evoked signals to global intracellular Ca2+ elevation is 
prevented by the mitochondria surrounding the apical region of the acinar cells [66], whereas the 
plasma membrane Ca2+ ATPase (PMCA) pumps extrude the Ca2+ at the apical membrane [67]. The 
release of the ER Ca2+ stores activates the influx of extracellular Ca2+, which is mediated by store 
operated Ca2+ entry (SOCE), a process determined by the ER Ca2+ sensor Stim1 [68] and the plasma 
membrane Ca2+ channel Orai1 [69,70]. In unstimulated cells, Stim1 is distributed in the ER membrane, 
whereas the ER Ca2+ store mobilisation induces a conformational change and translocation (puncta 
formation) of Stim1 to the ER–PM junctions [71], leading to the activation of Orai1 and members of 
the TRPC channel family [72–76]. Mogami et al. provided direct functional evidence that Ca2+ entry 
can occur through the basal membrane of the pancreatic acinar cells [77]. In these series of elegant 
experiments, basal Ca2+ entry was controlled with a Ca2+-containing pipette attached to the basal 
membrane in extracellular Ca2+-free media. After recharging the intracellular Ca2+ stores, repeated 
administration of ACh could, again, trigger an increase in intracellular Ca2+ concentration, starting at 

Figure 3. The role of Transient Potential Melastatin-like 2 (TRPM2) in biliary pancreatitis. Increased,
unbalanced production of ROS, which are generated during physiological mitochondrial respiration,
are mainly derived from complexes I and III of the mitochondrial electron transport chain, a crucial
event in the pathogenesis of biliary acute pancreatitis. In our recent study, we described the expression
of a redox sensitive cation channel, TRPM2, in the exocrine pancreas with basolateral localisation in
acinar cells and apical localisation in ductal cells. H2O2-induced oxidative stress activated TRPM2,
whereas TRPM2 knockout decreased the bile acid-induced Ca2+ elevation in acinar cells and prevented
acinar cells from bile-acid-induced necrosis. Genetic deletion of TRPM2 reduced the severity of
bile-acid-induced experimental pancreatitis.

3. Store-Operated Ca2+ Entry and Acute Pancreatitis

As highlighted above, sustained intracellular Ca2+ elevation plays a central role in the development
of cellular injury in AP, regardless of the ethiology. In the polarised pancreatic acinar cells, the release
of the ER Ca2+ stores in response to physiological agonist stimulation takes place at the apical granular
region of the cell [63,64] (Figure 4). This apical release is achieved by the invasion of ER into the granular
pole surrounding zymogen granules [65]. The spatiotemporal localisation and thus prevention of
the evolution of local IP3-evoked signals to global intracellular Ca2+ elevation is prevented by the
mitochondria surrounding the apical region of the acinar cells [66], whereas the plasma membrane
Ca2+ ATPase (PMCA) pumps extrude the Ca2+ at the apical membrane [67]. The release of the ER
Ca2+ stores activates the influx of extracellular Ca2+, which is mediated by store operated Ca2+ entry
(SOCE), a process determined by the ER Ca2+ sensor Stim1 [68] and the plasma membrane Ca2+

channel Orai1 [69,70]. In unstimulated cells, Stim1 is distributed in the ER membrane, whereas the
ER Ca2+ store mobilisation induces a conformational change and translocation (puncta formation)
of Stim1 to the ER–PM junctions [71], leading to the activation of Orai1 and members of the TRPC
channel family [72–76]. Mogami et al. provided direct functional evidence that Ca2+ entry can occur
through the basal membrane of the pancreatic acinar cells [77]. In these series of elegant experiments,
basal Ca2+ entry was controlled with a Ca2+-containing pipette attached to the basal membrane in
extracellular Ca2+-free media. After recharging the intracellular Ca2+ stores, repeated administration of
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ACh could, again, trigger an increase in intracellular Ca2+ concentration, starting at the apical secretory
pole. These results suggest that the recharging of the apical ER Ca2+ stores depends on Ca2+ influx
through the basal membrane. However, the cytosolic diffusion of Ca2+ from the basolateral to the
apical pole could have potential unwanted effects. Therefore, the concept of Ca2+ tunneling through
the lumen of the ER has been developed, which suggests that Ca2+ can diffuse more easily within the
ER lumen compared to the cytosol [78,79]. In isolated pancreatic acinar cells, Orai1 expression has been
described independently by two different groups. Lur et al. demonstrated that stimulation-induced
Stim1 translocation occurs in the lateral and basal plasma membranes of acinar cells by utilising
ribosome-free terminals of the ER, which form junctions between the ER and the plasma membrane [80].
Interestingly, and somewhat contradictorily, another study by Hong et al. showed that Orai1 expression
is more pronounced in the apical membrane [81]. The authors also highlighted that agonist stimulation
induced polarised recruitment of Stim1 to the apical and lateral regions, showing approximately 40%
colocalisation with Orai1. The authors found that both Orai1 and TRPC channels contributed to the
frequency of Ca2+ oscillations in acinar cells.

As highlighted, the release of the ER Ca2+ stores activates the influx of extracellular Ca2+, which,
under physiological conditions, helps to maintain secretory responses. However, the presence of
different toxins, which damage mitochondria, lead to the impairment of ATP-dependent Ca2+ extrusion
by PMCA as well as Ca2+ reuptake by SERCA [21]. As a result, the spatiotemporal localisation
of the Ca2+ signal is lost and a global sustained Ca2+ elevation is developed. The pathological
role of Orai1 in pancreatic acinar cells has been highlighted by Gerasimenko et al., who showed
that the inhibition of SOCE via Orai1 decreases acinar cell necrosis in vitro [82]. The authors used
GSK-7975A, a Ca2+ release-activated Ca2+ (CRAC) channel blocker developed by GlaxoSmithKline,
which inhibits SOCE in a concentration-dependent manner and reduces the sustained Ca2+ elevation,
trypsin activation, and acinar necrosis induced by FAEE. Moreover, the inhibition of Orai1 by selective
inhibitors, GSK-7975A and CM-128 by CalciMedica, markedly impaired the extracellular Ca2+ influx
and sustained Ca2+ overload in pancreatic acinar cells upon bile acid stimulation, significantly reducing
pancreatic edema, inflammation and necrosis in experimental models of AP [83]. Using CM4620,
another selective Orai1 channel blocker by CalciMedica, Waldron et al. demonstrated that the
inhibition of SOCE prevents trypsinogen activation, acinar cell death, NF-κB and nuclear factor of
activated T-cells (NFAT) activation, inflammatory responses in in vitro models, and decreases the
severity of experimental AP in mice [84]. In addition, they also showed that CM4620 abolished
myeloperoxidase activity and inflammatory cytokine expression in pancreas and lung tissues and
prevented the oxidative burst in neutrophils. In cerulein-treated mice, cerulein activates SOCE through
a promotion of the interaction between Stim1 and Orai1. Intracellular Ca2+ elevation, induced by
SOCE-activated NFAT and transcription factor EB, led to the calcineurin-promoting transcription of
chemokine genes and autophagy-associated genes [85]. Orai1 was also identified as a central molecule
in regulation of the gut microbiome and host immune system [86]. Orai1 pancreatic acinar conditional
knockout mice display intestinal bacterial outgrowth and dysbiosis, leading to systemic translocation,
inflammation and remarkably reduced survival, all of which were due to the decreased pancreatic
levels of cathelicidin-related antimicrobial peptide. This was markedly improved by treatment with a
liquid diet and broad-spectrum antibiotics, which rescued weight gain and survival.
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Figure 4. Store-operated Ca2+ entry and acute pancreatitis. In pancreatic acinar cells physiological
agonist stimulation releases Ca2+ from the endoplasmic reticulum (ER) stores at the apical granular
region of the cell. The spatiotemporal localisation of IP3-evoked apical signals is maintained by the
mitochondria surrounding the apical region of the acinar cells, whereas the plasma membrane Ca2+

ATPase (PMCA) pumps extrude the Ca2+ at the apical membrane. The influx of extracellular Ca2+

in non-excitable cells is mediated by a process called store-operated Ca2+ entry (SOCE), which is
determined by the ER Ca2+ sensor stromal interaction molecule 1 (Stim1) and the plasma membrane Ca2+

channel Orai1. In unstimulated cells, Stim1 is distributed in the ER membrane, whereas mobilisation of
the ER Ca2+ stores induces a conformational change and translocation with puncta formation, of Stim1
to the ER–PM junctions, which activates Orai1. The basal Ca2+ uptake can refill the apical Ca2+ stores
by a mechanism called Ca2+ tunnelling. Under pathological conditions, the spatiotemporal regulation
of the Ca2+ signalling fails and extracellular Ca2+ entry is an important contributor to the Ca2+ toxicity.
Recently, an Orai1 channel regulator protein called store-operated calcium entry-associated regulatory
factor (Saraf) was described as a crucial component in pathological Ca2+ signal development. Saraf
knockout mice developed more severe acute pancreatitis (AP) compared to controls accompanied by
increased Ca2+ influx in acinar cells, whereas Saraf overexpression reduced acinar Ca2+ influx and
decreased the severity of AP.

On the other hand, genetic deletion of TRPC3 was found to markedly reduce receptor-stimulated
SOCE by about 50% and prevent sustained Ca2+ elevation triggered by the bile acids and ethanol
metabolites. TRPC3 deletion also prevented intracellular trypsin activation and inhibition of digestive
enzyme secretion. These beneficial effects led to reduced severity of cerulein-induced AP in vivo [87].
The same protection was achieved by Pyr3, a TRPC3-specific inhibitor [88].

Although Orai1 inhibition seems to be beneficial in AP, this channel is also necessary for T cell
activation [89]. Therefore, the identification of other potential target proteins is desirable. Recently,
an Orai1 channel regulator protein, called store-operated calcium entry-associated regulatory factor
(Saraf) [90], was described as a crucial component in pathological Ca2+ signal development [91].
In contrast to Stim1 and Orai1 expression, which were not changed during AP, Saraf expression was
decreased during AP in mice and humans. In addition, Saraf knockout mice developed more severe
AP compared to controls, which was accompanied by increased Ca2+ influx in acinar cells. Saraf
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overexpression reduced acinar Ca2+ influx and decreased the severity of AP. These results highlight
the crucial role of Saraf in AP pathogenesis and identify this regulatory protein as potential target
for therapy.

4. Ca2+ Signalling in Pressure-Related Acute Pancreatitis

For several decades, there has been a theory that increased intrapancreatic pressure can lead to
pancreatic damage. Post-ERCP pancreatitis is one of the most common forms of iatrogenic AP, with
a 10% overall incidence and a 0.7% mortality rate [92]. Post-ERCP AP is thought to be provoked
by increased intrapancreatic pressure and intraductal hypertension, in combination with the acidic
radiocontrast solution. Using American opossum as an experimental model of pressure-induced
pancreatitis, Lerch et al. provided evidence that pancreatic outflow obstruction itself, without the
presence of bile acids, is sufficient to trigger necrotising AP [93,94]. Within 6 h of pancreatic and bile
duct ligation, the animals developed transient pancreatic edema and progressive hyperamylasaemia,
followed by acinar cell necrosis, haemorrhage, fat necrosis and inflammatory cell infiltration, within
12 h of duct obstruction. Notably, in other species, duct ligation alone induces only mild pancreatitis,
rather than severe necrotising AP, except in the American opossum [95]. Studies including human
patients have also confirmed that transient obstruction of the pancreatic duct can lead to AP [96,97].
These observations, and the fact that secretory pressure in the pancreatic duct is generally much higher
than in the bile duct [98,99], also lead to the criticism of the common channel formation hypothesis
and bile acid reflux during biliary pancreatitis [100]. More recently, Jin et al. demonstrated that
intracellular Ca2+ signalling plays a central role in the pathogenesis of pressure-related pancreatic
injury. They showed that incubation of mouse and human acinar cells with radiocontrast solutions
triggered sustained intracellular Ca2+ elevation and activated the transcription factors NF-κB and NFAT
via calcineurin. Genetic or pharmacologic inhibition of calcineurin prevented radiocontrast-induced
pancreatic inflammation in mice. In addition, Wen et al. demonstrated that artificially increased
intraductal pressures (100–150 mmHg for 10 min) are sufficient to trigger AP accompanied by
increased serum amylase, cytokine release and tight junction integrity loss [101]. Similar to the
previous observations, pancreatic acinar cells exhibited aberrant intracellular Ca2+ signalling, impaired
mitochondrial function and calcineurin downstream activation (Figure 5). More mechanistic insight
was provided into the development of pressure-induced pancreatic damage by Romac et al. [102].
The authors demonstrated that Piezo1, a mechanoreceptor directly gated by mechanical forces [103],
is expressed in pancreatic acinar cells; application of pressure within the gland leads to AP through
Piezo1 activation. Yoda1 administration, a Piezo1 agonist, triggered intracellular Ca2+ elevation
and acinar cell injury, including mitochondrial depolarisation, trypsinogen activation and acinar cell
necrosis, which was abolished by specific inhibition or genetic dysruption of Piezo1. In addition,
genetic deletion of Piezo1 remarkably decreased the severity of pressure-induced AP, whereas Piezo1
activation by Yoda1 triggered AP without the application of pressure. In another study by the same
group, they showed that mechanical pushing and fluid shear stress increase the intracellular Ca2+ levels
in pancreatic acini [104]. They also provided evidence that Yoda1 administration induces phospholipase
A2 activation, which activates TRPV4. They concluded that TRPV4 activation is necessary for the
development of sustained toxic Ca2+ signals in acinar cells upon pressure.

Although intrapancreatic pressure elevation also affects pancreatic ductal function, none of these
studies assessed ductal secretion [105]. Alkaline secretion of the ductal cells washes out digestive
proenzymes into the duodenum and the alkaline fluid neutralises the protons co-released during
digestive enzyme secretion by pancreatic acinar cells [106]. Increased intraluminal pressure in the
pancreatic ducts was shown to inhibit pancreatic secretion in vitro and in vivo via a serotonin-mediated
pathway, which involves the activation of 5-HT3 receptors in the duct cells [107]. In addition,
the pancreatic fluid and HCO3

- secretion is significantly elevated in the absence of peripheral
serotonin [108]. The alkaline intraductal pH also prevents premature trypsinogen activation, as the
autoactivation of trypsinogen is a pH-dependent process, which is accelerated at acidic pH ranges.
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Impaired ductal secretion in CFTR knockout mice alters the membrane dynamics and endocytosis at
the apical plasma membrane of pancreatic acinar cells [109]. Decreased ductal secretion was described
in Na+/H+ exchanger regulatory factor-1 knockout mice due to the loss of CFTR, leading to more severe
experimental AP [110]. Importantly, pharmacological restoration of CFTR function in pancreatic ducts
corrected acinar cell function and decreased pancreatic inflammation [111]. Therefore, maintaining
physiological ductal function and the alkaline luminal pH undoubtedly protects the pancreas from
autodigestion [112]. Based on these findings, we hypothesise that the ductal cells play a significant
part in the development of pressure-related pancreatic injuries, which will need to be further examined
in future studies.
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Figure 5. Ca2+ signalling in pressure-related acute pancreatitis. Increased intrapancreatic pressure
during endoscopic retrograde cholangiopancreatography (ERCP) can damage the pancreas and cause
post-ERCP acute pancreatitis (AP). Similar to other forms of AP, pancreatic acinar cells represented
aberrant intracellular Ca2+ signalling and impaired mitochondrial function and calcineurin downstream
activation. Recently, Piezo1 expression, a mechanoreceptor directly gated by mechanical forces, was
described in pancreatic acinar cells. Piezo1 activation triggered intracellular Ca2+ elevation and acinar
cell injury. Genetic deletion of Piezo1 remarkably decreased the severity of pressure-induced AP,
and it’s activation by Yoda1 triggered AP without the application of pressure. In addition, Piezo1
activation induces phospholipase A2 activation, which activates TRPV4, which is necessary for the
development of sustained toxic Ca2+ signals in acinar cells upon pressure.

5. Translational Perspectives

Inflammatory disorders of the pancreas, such as acute and chronic pancreatitis, pose a significant
clinical challenge, as there are currently no specific pharmaceutical treatments available. As discussed
in detail above, basic science studies can identify pathogenic disease mechanisms and novel drug
targets, which can support drug discovery and therapy development in pancreatic diseases. Disturbed
intracellular Ca2+ signalling is a well-established hallmark of the disease, which induces increased
ROS production, mitochondrial damage, intra-acinar digestive enzyme activation, and cell death.
Due to this mechanism of action, preventing toxic cellular Ca2+ overload is currently one of the most
promising therapeutic targets [113]. SOCE inhibition via Orai1 channels improved several key markers
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of AP in vitro and in vivo, as discussed above. Therefore, small-molecule inhibitors of Orai1 channel
seem to be one of the most promising drug candidates to treat AP and its complications. CalciMedica
has successfully completed a Phase I clinical trial enrolling seven patients with AP to assess the
pharmacokinetic and pharmacodynamics profiles of the CM4620 Orai1 channel inhibitor [114]. As a
next step, the company is currently running a Phase II trial (an open-label, dose-response study)
to evaluate the safety and efficacy of CM4620-IE in patients with AP and accompanying systemic
inflammatory response syndrome (SIRS) [115].

Our recent study identified TRPM2 as an important contributor to oxidative-stress-induced cellular
Ca2+ overload in biliary AP. TRPM2 activation contributed to bile-acid-induced extracellular Ca2+

influx in acinar cells, which promoted necrosis in vitro and in vivo. In an experimental model of biliary
AP, genetic knockout of TRPM2 significantly decreased the disease severity and protected acinar cells.
Based on these results, TRPM2 inhibition may be a potential treatment option for biliary pancreatitis
and development of novel TRPM2 inhibitors can be translated to patients. In a recent study, Fourgeaud
et al. identified JNJ-28583113 as a potent selective inhibitor of TRPM2 [116]. They demonstrated that
JNJ-28583113 caused phosphorylation of GSK3α and β subunits of TRPM2 in nM concentrations, which
protected cells from oxidative stress-induced cell injury and impaired cytokine release in response to
pro-inflammatory stimuli in microglia. Although JNJ-28583113 was promising in in vitro experiments,
in vivo administration is currently limited by the rapid metabolisation of the drug. TRPM2 has been
identified as a promising drug target in diseases of the central nervous system, such as neuropathic pain,
bipolar disorder and Alzheimer’s disease, and more potential inhibitors are expected to be identified.

Toxin-induced mitochondrial injury is another key pathogenic step of AP development; therefore,
protection of mitochondrial ATP production is another potential target [117]. Maintenance of ATP
production could provide the necessary ATP to fuel ATP-dependent Ca2+ extrusion mechanisms, such
as SERCA and PMCA pumps, which ensures the spatiotemporal regulation of Ca2+ signals. Opening
of the MPTP, which is a non-specific channel that forms in the inner mitochondrial membrane allowing
passage of particles under 1500 Da, causes loss of the ∆Ψm that is essential to ATP production [118].
MPTP inhibition in pancreatic acinar cells successfully improved the outcome of AP in mice models [16].
Our group also demonstrated that a novel mitochondrial transition pore inhibitor, N-methyl-4-isoleucine
cyclosporin (NIM811), decreases the severity of AP [17]. We demonstrated that NIM811 administration,
an MPTP blocker that acts on cyclophilin D, protects acinar and ductal cells from bile acid and fatty
acid exposure in vitro. NIM811 decreases the severity of AP in vivo in cerulein, bile acid and fatty
acid-induced AP models, making NIM811 a promising candidate for further development.

Author Contributions: T.M., Á.V. and P.P. performed literature search and drafted the paper. Á.V. generated the
figures. J.M. drafted and finalized the manuscript. All of the authors revised the final version of the manuscript.
All authors approved the final version of the manuscript and agree to be accountable for all aspects of the work in
ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated
and resolved. All persons designated as authors qualify for authorship, and all those who qualify for authorship
are listed.

Acknowledgments: The research was supported by funding from the Hungarian National Research, Development
and Innovation Office (GINOP-2.3.2-15-2016-00048 to JM, PD116553 to PP), the Ministry of Human Capacities
(EFOP 3.6.2-16-2017-00006 to JM), Bolyai Research Fellowship (BO/00569/17 to PP), the Hungarian Academy of
Sciences (LP2017-18/2017 to JM), by the National Excellence Programme (20391-3/2018/FEKUSTRAT to JM), by the
New National Excellence Program of the Ministry of Human Capacities (UNKP-18-4-SZTE-85 to PP) and EFOP
3.6.3-VEKOP-16-2017-00009 to MT and VÁ. This work was supported by Albert Szent-Györgyi Research Grant (to
MJ and PP) by the Faculty of Medicine, University of Szeged. The project has received funding from the EU’s
Horizon 2020 research and innovation program under grant agreement No. 739593.

Conflicts of Interest: The authors have no conflict of interest to declare.



Int. J. Mol. Sci. 2020, 21, 4005 13 of 19

References

1. Yadav, D.; Lowenfels, A.B. The epidemiology of pancreatitis and pancreatic cancer. Gastroenterology 2013,
144, 1252–1261. [CrossRef]

2. Peery, A.F.; Dellon, E.S.; Lund, J.; Crockett, S.D.; McGowan, C.E.; Bulsiewicz, W.J.; Gangarosa, L.M.;
Thiny, M.T.; Stizenberg, K.; Morgan, D.R.; et al. Burden of gastrointestinal disease in the United States: 2012
update. Gastroenterology 2012, 143, 1179–1187.e3. [CrossRef] [PubMed]

3. Petrov, M.S.; Yadav, D. Global epidemiology and holistic prevention of pancreatitis. Nat. Rev.
Gastroenterol. Hepatol. 2019, 16, 175–184. [CrossRef] [PubMed]

4. Krishna, S.G.; Kamboj, A.K.; Hart, P.A.; Hinton, A.; Conwell, D.L. The Changing Epidemiology of Acute
Pancreatitis Hospitalizations: A Decade of Trends and the Impact of Chronic Pancreatitis. Pancreas 2017, 46,
482–488. [CrossRef] [PubMed]

5. Parniczky, A.; Kui, B.; Szentesi, A.; Balazs, A.; Szucs, A.; Mosztbacher, D.; Czimmer, J.; Sarlos, P.; Bajor, J.;
Godi, S.; et al. Prospective, Multicentre, Nationwide Clinical Data from 600 Cases of Acute Pancreatitis.
PLoS ONE 2016, 11, e0165309. [CrossRef] [PubMed]

6. Maleth, J.; Hegyi, P. Ca2+ toxicity and mitochondrial damage in acute pancreatitis: Translational overview.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 2016, 371. [CrossRef]

7. Kruger, B.; Albrecht, E.; Lerch, M.M. The role of intracellular calcium signaling in premature protease
activation and the onset of pancreatitis. Am. J. Pathol. 2000, 157, 43–50. [CrossRef]

8. Raraty, M.; Ward, J.; Erdemli, G.; Vaillant, C.; Neoptolemos, J.P.; Sutton, R.; Petersen, O.H. Calcium-dependent
enzyme activation and vacuole formation in the apical granular region of pancreatic acinar cells. Proc. Natl.
Acad. Sci. USA 2000, 97, 13126–13131. [CrossRef]

9. Criddle, D.N.; Murphy, J.; Fistetto, G.; Barrow, S.; Tepikin, A.V.; Neoptolemos, J.P.; Sutton, R.; Petersen, O.H.
Fatty acid ethyl esters cause pancreatic calcium toxicity via inositol trisphosphate receptors and loss of ATP
synthesis. Gastroenterology 2006, 130, 781–793. [CrossRef]

10. Madacsy, T.; Pallagi, P.; Maleth, J. Cystic Fibrosis of the Pancreas: The Role of CFTR Channel in the Regulation
of Intracellular Ca2+ Signaling and Mitochondrial Function in the Exocrine Pancreas. Front. Physiol. 2018, 9,
1585. [CrossRef]

11. Maleth, J.; Hegyi, P. Calcium signaling in pancreatic ductal epithelial cells: An old friend and a nasty enemy.
Cell Calcium 2014, 55, 337–345. [CrossRef] [PubMed]

12. Maleth, J.; Venglovecz, V.; Razga, Z.; Tiszlavicz, L.; Rakonczay, Z., Jr.; Hegyi, P. Non-conjugated
chenodeoxycholate induces severe mitochondrial damage and inhibits bicarbonate transport in pancreatic
duct cells. Gut 2011, 60, 136–138. [CrossRef]

13. Huang, W.; Cane, M.C.; Mukherjee, R.; Szatmary, P.; Zhang, X.; Elliott, V.; Ouyang, Y.; Chvanov, M.;
Latawiec, D.; Wen, L.; et al. Caffeine protects against experimental acute pancreatitis by inhibition of inositol
1,4,5-trisphosphate receptor-mediated Ca2+ release. Gut 2017, 66, 301–313. [CrossRef] [PubMed]

14. Halestrap, A.P. What is the mitochondrial permeability transition pore? J. Mol. Cell Cardiol. 2009, 46, 821–831.
[CrossRef]

15. Golstein, P.; Kroemer, G. Cell death by necrosis: Towards a molecular definition. Trends Biochem. Sci. 2007,
32, 37–43. [CrossRef] [PubMed]

16. Mukherjee, R.; Mareninova, O.A.; Odinokova, I.V.; Huang, W.; Murphy, J.; Chvanov, M.; Javed, M.A.; Wen, L.;
Booth, D.M.; Cane, M.C.; et al. Mechanism of mitochondrial permeability transition pore induction and
damage in the pancreas: Inhibition prevents acute pancreatitis by protecting production of ATP. Gut 2016, 65,
1333–1346. [CrossRef]

17. Toth, E.; Maleth, J.; Zavogyan, N.; Fanczal, J.; Grassalkovich, A.; Erdos, R.; Pallagi, P.; Horvath, G.; Tretter, L.;
Balint, E.R.; et al. Novel mitochondrial transition pore inhibitor N-methyl-4-isoleucine cyclosporin is a new
therapeutic option in acute pancreatitis. J. Physiol. 2019, 597, 5879–5898. [CrossRef]

18. Gerasimenko, J.V.; Flowerdew, S.E.; Voronina, S.G.; Sukhomlin, T.K.; Tepikin, A.V.; Petersen, O.H.;
Gerasimenko, O.V. Bile acids induce Ca2+ release from both the endoplasmic reticulum and acidic intracellular
calcium stores through activation of inositol trisphosphate receptors and ryanodine receptors. J. Biol. Chem.
2006, 281, 40154–40163. [CrossRef]

http://dx.doi.org/10.1053/j.gastro.2013.01.068
http://dx.doi.org/10.1053/j.gastro.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22885331
http://dx.doi.org/10.1038/s41575-018-0087-5
http://www.ncbi.nlm.nih.gov/pubmed/30482911
http://dx.doi.org/10.1097/MPA.0000000000000783
http://www.ncbi.nlm.nih.gov/pubmed/28196021
http://dx.doi.org/10.1371/journal.pone.0165309
http://www.ncbi.nlm.nih.gov/pubmed/27798670
http://dx.doi.org/10.1098/rstb.2015.0425
http://dx.doi.org/10.1016/S0002-9440(10)64515-4
http://dx.doi.org/10.1073/pnas.97.24.13126
http://dx.doi.org/10.1053/j.gastro.2005.12.031
http://dx.doi.org/10.3389/fphys.2018.01585
http://dx.doi.org/10.1016/j.ceca.2014.02.004
http://www.ncbi.nlm.nih.gov/pubmed/24602604
http://dx.doi.org/10.1136/gut.2009.192153
http://dx.doi.org/10.1136/gutjnl-2015-309363
http://www.ncbi.nlm.nih.gov/pubmed/26642860
http://dx.doi.org/10.1016/j.yjmcc.2009.02.021
http://dx.doi.org/10.1016/j.tibs.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17141506
http://dx.doi.org/10.1136/gutjnl-2014-308553
http://dx.doi.org/10.1113/JP278517
http://dx.doi.org/10.1074/jbc.M606402200


Int. J. Mol. Sci. 2020, 21, 4005 14 of 19

19. Venglovecz, V.; Rakonczay, Z., Jr.; Ozsvari, B.; Takacs, T.; Lonovics, J.; Varro, A.; Gray, M.A.; Argent, B.E.;
Hegyi, P. Effects of bile acids on pancreatic ductal bicarbonate secretion in guinea pig. Gut 2008, 57, 1102–1112.
[CrossRef]

20. Kim, J.Y.; Kim, K.H.; Lee, J.A.; Namkung, W.; Sun, A.Q.; Ananthanarayanan, M.; Suchy, F.J.; Shin, D.M.;
Muallem, S.; Lee, M.G. Transporter-mediated bile acid uptake causes Ca2+-dependent cell death in rat
pancreatic acinar cells. Gastroenterology 2002, 122, 1941–1953. [CrossRef]

21. Barrow, S.L.; Voronina, S.G.; da Silva Xavier, G.; Chvanov, M.A.; Longbottom, R.E.; Gerasimenko, O.V.;
Petersen, O.H.; Rutter, G.A.; Tepikin, A.V. ATP depletion inhibits Ca2+ release, influx and extrusion in
pancreatic acinar cells but not pathological Ca2+ responses induced by bile. Pflug. Arch. Eur. J. Phys. 2008,
455, 1025–1039. [CrossRef] [PubMed]

22. Perides, G.; Laukkarinen, J.M.; Vassileva, G.; Steer, M.L. Biliary acute pancreatitis in mice is mediated by the
G-protein-coupled cell surface bile acid receptor Gpbar1. Gastroenterology 2010, 138, 715–725. [CrossRef]
[PubMed]

23. Voronina, S.G.; Barrow, S.L.; Gerasimenko, O.V.; Petersen, O.H.; Tepikin, A.V. Effects of secretagogues and
bile acids on mitochondrial membrane potential of pancreatic acinar cells: Comparison of different modes of
evaluating DeltaPsim. J. Biol. Chem. 2004, 279, 27327–27338. [CrossRef] [PubMed]

24. Voronina, S.G.; Barrow, S.L.; Simpson, A.W.; Gerasimenko, O.V.; da Silva Xavier, G.; Rutter, G.A.;
Petersen, O.H.; Tepikin, A.V. Dynamic changes in cytosolic and mitochondrial ATP levels in pancreatic acinar
cells. Gastroenterology 2010, 138, 1976–1987. [CrossRef] [PubMed]

25. Muili, K.A.; Wang, D.; Orabi, A.I.; Sarwar, S.; Luo, Y.; Javed, T.A.; Eisses, J.F.; Mahmood, S.M.; Jin, S.;
Singh, V.P.; et al. Bile acids induce pancreatic acinar cell injury and pancreatitis by activating calcineurin.
J. Biol. Chem. 2013, 288, 570–580. [CrossRef] [PubMed]

26. Muili, K.A.; Jin, S.; Orabi, A.I.; Eisses, J.F.; Javed, T.A.; Le, T.; Bottino, R.; Jayaraman, T.; Husain, S.Z. Pancreatic
acinar cell nuclear factor kappaB activation because of bile acid exposure is dependent on calcineurin. J. Biol.
Chem. 2013, 288, 21065–21073. [CrossRef]

27. Whitcomb, D.C. Genetics of alcoholic and nonalcoholic pancreatitis. Curr. Opin. Gastroenterol. 2012, 28,
501–506. [CrossRef]

28. Gukovskaya, A.S.; Mouria, M.; Gukovsky, I.; Reyes, C.N.; Kasho, V.N.; Faller, L.D.; Pandol, S.J. Ethanol
metabolism and transcription factor activation in pancreatic acinar cells in rats. Gastroenterology 2002, 122,
106–118. [CrossRef]

29. Diczfalusy, M.A.; Bjorkhem, I.; Einarsson, C.; Hillebrant, C.G.; Alexson, S.E. Characterization of enzymes
involved in formation of ethyl esters of long-chain fatty acids in humans. J. Lipid Res. 2001, 42, 1025–1032.

30. Laposata, E.A.; Lange, L.G. Presence of nonoxidative ethanol metabolism in human organs commonly
damaged by ethanol abuse. Science 1986, 231, 497–499. [CrossRef]

31. Lange, L.G.; Sobel, B.E. Mitochondrial dysfunction induced by fatty acid ethyl esters, myocardial metabolites
of ethanol. J. Clin. Investig. 1983, 72, 724–731. [CrossRef] [PubMed]

32. Huang, W.; Booth, D.M.; Cane, M.C.; Chvanov, M.; Javed, M.A.; Elliott, V.L.; Armstrong, J.A.; Dingsdale, H.;
Cash, N.; Li, Y.; et al. Fatty acid ethyl ester synthase inhibition ameliorates ethanol-induced Ca2+-dependent
mitochondrial dysfunction and acute pancreatitis. Gut 2014, 63, 1313–1324. [CrossRef] [PubMed]

33. Criddle, D.N.; McLaughlin, E.; Murphy, J.A.; Petersen, O.H.; Sutton, R. The pancreas misled: Signals to
pancreatitis. Pancreatology 2007, 7, 436–446. [CrossRef] [PubMed]

34. Criddle, D.N.; Raraty, M.G.; Neoptolemos, J.P.; Tepikin, A.V.; Petersen, O.H.; Sutton, R. Ethanol toxicity in
pancreatic acinar cells: Mediation by nonoxidative fatty acid metabolites. Proc. Natl. Acad. Sci. USA 2004,
101, 10738–10743. [CrossRef]

35. Maleth, J.; Balazs, A.; Pallagi, P.; Balla, Z.; Kui, B.; Katona, M.; Judak, L.; Nemeth, I.; Kemeny, L.V.;
Rakonczay, Z.; et al. Alcohol disrupts levels and function of the cystic fibrosis transmembrane conductance
regulator to promote development of pancreatitis. Gastroenterology 2015, 148, 427–439.e16. [CrossRef]

36. Judak, L.; Hegyi, P.; Rakonczay, Z., Jr.; Maleth, J.; Gray, M.A.; Venglovecz, V. Ethanol and its non-oxidative
metabolites profoundly inhibit CFTR function in pancreatic epithelial cells which is prevented by ATP
supplementation. Pflug. Arch. Eur. J. Phys. 2014, 466, 549–562. [CrossRef]

37. Raja, R.A.; Schmiegelow, K.; Frandsen, T.L. Asparaginase-associated pancreatitis in children. Br. J. Haematol.
2012, 159, 18–27. [CrossRef]

http://dx.doi.org/10.1136/gut.2007.134361
http://dx.doi.org/10.1053/gast.2002.33617
http://dx.doi.org/10.1007/s00424-007-0360-x
http://www.ncbi.nlm.nih.gov/pubmed/17952455
http://dx.doi.org/10.1053/j.gastro.2009.10.052
http://www.ncbi.nlm.nih.gov/pubmed/19900448
http://dx.doi.org/10.1074/jbc.M311698200
http://www.ncbi.nlm.nih.gov/pubmed/15084611
http://dx.doi.org/10.1053/j.gastro.2010.01.037
http://www.ncbi.nlm.nih.gov/pubmed/20102715
http://dx.doi.org/10.1074/jbc.M112.428896
http://www.ncbi.nlm.nih.gov/pubmed/23148215
http://dx.doi.org/10.1074/jbc.M113.471425
http://dx.doi.org/10.1097/MOG.0b013e328356e7f3
http://dx.doi.org/10.1053/gast.2002.30302
http://dx.doi.org/10.1126/science.3941913
http://dx.doi.org/10.1172/JCI111022
http://www.ncbi.nlm.nih.gov/pubmed/6308061
http://dx.doi.org/10.1136/gutjnl-2012-304058
http://www.ncbi.nlm.nih.gov/pubmed/24162590
http://dx.doi.org/10.1159/000108960
http://www.ncbi.nlm.nih.gov/pubmed/17898533
http://dx.doi.org/10.1073/pnas.0403431101
http://dx.doi.org/10.1053/j.gastro.2014.11.002
http://dx.doi.org/10.1007/s00424-013-1333-x
http://dx.doi.org/10.1111/bjh.12016


Int. J. Mol. Sci. 2020, 21, 4005 15 of 19

38. Kearney, S.L.; Dahlberg, S.E.; Levy, D.E.; Voss, S.D.; Sallan, S.E.; Silverman, L.B. Clinical course and outcome
in children with acute lymphoblastic leukemia and asparaginase-associated pancreatitis. Pediatr. Blood Cancer
2009, 53, 162–167. [CrossRef]

39. Peng, S.; Gerasimenko, J.V.; Tsugorka, T.; Gryshchenko, O.; Samarasinghe, S.; Petersen, O.H.;
Gerasimenko, O.V. Calcium and adenosine triphosphate control of cellular pathology: Asparaginase-induced
pancreatitis elicited via protease-activated receptor 2. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2016, 371.
[CrossRef]

40. Peng, S.; Gerasimenko, J.V.; Tsugorka, T.M.; Gryshchenko, O.; Samarasinghe, S.; Petersen, O.H.;
Gerasimenko, O.V. Galactose protects against cell damage in mouse models of acute pancreatitis.
J. Clin. Investig. 2018, 128, 3769–3778. [CrossRef]

41. Adam-Vizi, V.; Chinopoulos, C. Bioenergetics and the formation of mitochondrial reactive oxygen species.
Trends Pharmacol. Sci. 2006, 27, 639–645. [CrossRef] [PubMed]

42. Hamanaka, R.B.; Chandel, N.S. Mitochondrial reactive oxygen species regulate cellular signaling and dictate
biological outcomes. Trends Biochem. Sci. 2010, 35, 505–513. [CrossRef]

43. Booth, D.M.; Enyedi, B.; Geiszt, M.; Varnai, P.; Hajnoczky, G. Redox Nanodomains Are Induced by and
Control Calcium Signaling at the ER-Mitochondrial Interface. Mol. Cell 2016, 63, 240–248. [CrossRef]

44. Criddle, D.N. Reactive oxygen species, Ca2+ stores and acute pancreatitis; a step closer to therapy?
Cell Calcium 2016, 60, 180–189. [CrossRef] [PubMed]

45. Forkink, M.; Smeitink, J.A.; Brock, R.; Willems, P.H.; Koopman, W.J. Detection and manipulation of
mitochondrial reactive oxygen species in mammalian cells. Biochim. Biophys. Acta 2010, 1797, 1034–1044.
[CrossRef] [PubMed]

46. Criddle, D.N.; Gillies, S.; Baumgartner-Wilson, H.K.; Jaffar, M.; Chinje, E.C.; Passmore, S.; Chvanov, M.;
Barrow, S.; Gerasimenko, O.V.; Tepikin, A.V.; et al. Menadione-induced reactive oxygen species generation
via redox cycling promotes apoptosis of murine pancreatic acinar cells. J. Biol. Chem. 2006, 281, 40485–40492.
[CrossRef] [PubMed]

47. Booth, D.M.; Murphy, J.A.; Mukherjee, R.; Awais, M.; Neoptolemos, J.P.; Gerasimenko, O.V.; Tepikin, A.V.;
Petersen, O.H.; Sutton, R.; Criddle, D.N. Reactive oxygen species induced by bile acid induce apoptosis and
protect against necrosis in pancreatic acinar cells. Gastroenterology 2011, 140, 2116–2125. [CrossRef]

48. Armstrong, J.A.; Cash, N.J.; Morton, J.C.; Tepikin, A.V.; Sutton, R.; Criddle, D.N. Mitochondrial Targeting of
Antioxidants Alters Pancreatic Acinar Cell Bioenergetics and Determines Cell Fate. Int. J. Mol. Sci. 2019, 20,
1700. [CrossRef]

49. Booth, D.M.; Mukherjee, R.; Sutton, R.; Criddle, D.N. Calcium and reactive oxygen species in acute
pancreatitis: Friend or foe? Antioxid. Redox Signal. 2011, 15, 2683–2698. [CrossRef]

50. Di, A.; Gao, X.P.; Qian, F.; Kawamura, T.; Han, J.; Hecquet, C.; Ye, R.D.; Vogel, S.M.; Malik, A.B.
The redox-sensitive cation channel TRPM2 modulates phagocyte ROS production and inflammation.
Nat. Immunol. 2011, 13, 29–34. [CrossRef]

51. Hara, Y.; Wakamori, M.; Ishii, M.; Maeno, E.; Nishida, M.; Yoshida, T.; Yamada, H.; Shimizu, S.; Mori, E.;
Kudoh, J.; et al. LTRPC2 Ca2+-permeable channel activated by changes in redox status confers susceptibility
to cell death. Mol. Cell 2002, 9, 163–173. [CrossRef]

52. Uchida, K.; Dezaki, K.; Damdindorj, B.; Inada, H.; Shiuchi, T.; Mori, Y.; Yada, T.; Minokoshi, Y.; Tominaga, M.
Lack of TRPM2 impaired insulin secretion and glucose metabolisms in mice. Diabetes 2011, 60, 119–126.
[CrossRef] [PubMed]

53. Song, K.; Wang, H.; Kamm, G.B.; Pohle, J.; Reis, F.C.; Heppenstall, P.; Wende, H.; Siemens, J. The TRPM2
channel is a hypothalamic heat sensor that limits fever and can drive hypothermia. Science 2016, 353,
1393–1398. [CrossRef] [PubMed]

54. Perraud, A.L.; Takanishi, C.L.; Shen, B.; Kang, S.; Smith, M.K.; Schmitz, C.; Knowles, H.M.; Ferraris, D.; Li, W.;
Zhang, J.; et al. Accumulation of free ADP-ribose from mitochondria mediates oxidative stress-induced
gating of TRPM2 cation channels. J. Biol. Chem. 2005, 280, 6138–6148. [CrossRef]

55. Takahashi, N.; Kozai, D.; Kobayashi, R.; Ebert, M.; Mori, Y. Roles of TRPM2 in oxidative stress. Cell Calcium
2011, 50, 279–287. [CrossRef]

56. Yamamoto, S.; Shimizu, S.; Kiyonaka, S.; Takahashi, N.; Wajima, T.; Hara, Y.; Negoro, T.; Hiroi, T.; Kiuchi, Y.;
Okada, T.; et al. TRPM2-mediated Ca2+ influx induces chemokine production in monocytes that aggravates
inflammatory neutrophil infiltration. Nat. Med. 2008, 14, 738–747. [CrossRef]

http://dx.doi.org/10.1002/pbc.22076
http://dx.doi.org/10.1098/rstb.2015.0423
http://dx.doi.org/10.1172/JCI94714
http://dx.doi.org/10.1016/j.tips.2006.10.005
http://www.ncbi.nlm.nih.gov/pubmed/17056127
http://dx.doi.org/10.1016/j.tibs.2010.04.002
http://dx.doi.org/10.1016/j.molcel.2016.05.040
http://dx.doi.org/10.1016/j.ceca.2016.04.007
http://www.ncbi.nlm.nih.gov/pubmed/27229361
http://dx.doi.org/10.1016/j.bbabio.2010.01.022
http://www.ncbi.nlm.nih.gov/pubmed/20100455
http://dx.doi.org/10.1074/jbc.M607704200
http://www.ncbi.nlm.nih.gov/pubmed/17088248
http://dx.doi.org/10.1053/j.gastro.2011.02.054
http://dx.doi.org/10.3390/ijms20071700
http://dx.doi.org/10.1089/ars.2011.3983
http://dx.doi.org/10.1038/ni.2171
http://dx.doi.org/10.1016/S1097-2765(01)00438-5
http://dx.doi.org/10.2337/db10-0276
http://www.ncbi.nlm.nih.gov/pubmed/20921208
http://dx.doi.org/10.1126/science.aaf7537
http://www.ncbi.nlm.nih.gov/pubmed/27562954
http://dx.doi.org/10.1074/jbc.M411446200
http://dx.doi.org/10.1016/j.ceca.2011.04.006
http://dx.doi.org/10.1038/nm1758


Int. J. Mol. Sci. 2020, 21, 4005 16 of 19

57. Liu, X.; Cotrim, A.; Teos, L.; Zheng, C.; Swaim, W.; Mitchell, J.; Mori, Y.; Ambudkar, I. Loss of TRPM2 function
protects against irradiation-induced salivary gland dysfunction. Nat. Commun. 2013, 4, 1515. [CrossRef]

58. Liu, X.; Gong, B.; de Souza, L.B.; Ong, H.L.; Subedi, K.P.; Cheng, K.T.; Swaim, W.; Zheng, C.; Mori, Y.;
Ambudkar, I.S. Radiation inhibits salivary gland function by promoting STIM1 cleavage by caspase-3 and
loss of SOCE through a TRPM2-dependent pathway. Sci. Signal. 2017, 10, eaal4064. [CrossRef]

59. Abuarab, N.; Munsey, T.S.; Jiang, L.H.; Li, J.; Sivaprasadarao, A. High glucose-induced ROS activates TRPM2
to trigger lysosomal membrane permeabilization and Zn2+-mediated mitochondrial fission. Sci. Signal. 2017,
10, eaal4161. [CrossRef]

60. Fanczal, J.; Pallagi, P.; Gorog, M.; Diszhazi, G.; Almassy, J.; Madacsy, T.; Varga, A.; Csernay-Biro, P.; Katona, X.;
Toth, E.; et al. TRPM2-mediated extracellular Ca2+ entry promotes acinar cell necrosis in biliary acute
pancreatitis. J. Physiol. 2020, 598, 1253–1270. [CrossRef]

61. Park, M.K.; Ashby, M.C.; Erdemli, G.; Petersen, O.H.; Tepikin, A.V. Perinuclear, perigranular and
sub-plasmalemmal mitochondria have distinct functions in the regulation of cellular calcium transport.
EMBO J. 2001, 20, 1863–1874. [CrossRef] [PubMed]

62. Schulz, S.; Schmitt, S.; Wimmer, R.; Aichler, M.; Eisenhofer, S.; Lichtmannegger, J.; Eberhagen, C.; Artmann, R.;
Tookos, F.; Walch, A.; et al. Progressive stages of mitochondrial destruction caused by cell toxic bile salts.
Biochim. Biophys. Acta 2013, 1828, 2121–2133. [CrossRef] [PubMed]

63. Gerasimenko, J.V.; Sherwood, M.; Tepikin, A.V.; Petersen, O.H.; Gerasimenko, O.V. NAADP, cADPR and IP3
all release Ca2+ from the endoplasmic reticulum and an acidic store in the secretory granule area. J. Cell Sci.
2006, 119, 226–238. [CrossRef]

64. Petersen, O.H. Localization and regulation of Ca2+ entry and exit pathways in exocrine gland cells.
Cell Calcium 2003, 33, 337–344. [CrossRef]

65. Gerasimenko, O.V.; Gerasimenko, J.V.; Rizzuto, R.R.; Treiman, M.; Tepikin, A.V.; Petersen, O.H.
The distribution of the endoplasmic reticulum in living pancreatic acinar cells. Cell Calcium 2002, 32,
261–268. [CrossRef]

66. Tinel, H.; Cancela, J.M.; Mogami, H.; Gerasimenko, J.V.; Gerasimenko, O.V.; Tepikin, A.V.; Petersen, O.H.
Active mitochondria surrounding the pancreatic acinar granule region prevent spreading of inositol
trisphosphate-evoked local cytosolic Ca2+ signals. EMBO J. 1999, 18, 4999–5008. [CrossRef]

67. Toescu, E.C.; Petersen, O.H. Region-specific activity of the plasma membrane Ca2+ pump and delayed
activation of Ca2+ entry characterize the polarized, agonist-evoked Ca2+ signals in exocrine cells. J. Biol. Chem.
1995, 270, 8528–8535. [CrossRef]

68. Liou, J.; Kim, M.L.; Heo, W.D.; Jones, J.T.; Myers, J.W.; Ferrell, J.E., Jr.; Meyer, T. STIM is a Ca2+ sensor
essential for Ca2+-store-depletion-triggered Ca2+ influx. Curr. Biol. 2005, 15, 1235–1241. [CrossRef]

69. Feske, S.; Gwack, Y.; Prakriya, M.; Srikanth, S.; Puppel, S.H.; Tanasa, B.; Hogan, P.G.; Lewis, R.S.; Daly, M.;
Rao, A. A mutation in Orai1 causes immune deficiency by abrogating CRAC channel function. Nature 2006,
441, 179–185. [CrossRef]

70. Prakriya, M.; Feske, S.; Gwack, Y.; Srikanth, S.; Rao, A.; Hogan, P.G. Orai1 is an essential pore subunit of the
CRAC channel. Nature 2006, 443, 230–233. [CrossRef]

71. Lee, K.P.; Yuan, J.P.; Hong, J.H.; So, I.; Worley, P.F.; Muallem, S. An endoplasmic reticulum/plasma membrane
junction: STIM1/Orai1/TRPCs. FEBS Lett. 2010, 584, 2022–2027. [CrossRef] [PubMed]

72. Yuan, J.P.; Zeng, W.; Huang, G.N.; Worley, P.F.; Muallem, S. STIM1 heteromultimerizes TRPC channels to
determine their function as store-operated channels. Nat. Cell Biol. 2007, 9, 636–645. [CrossRef] [PubMed]

73. Kim, J.Y.; Zeng, W.; Kiselyov, K.; Yuan, J.P.; Dehoff, M.H.; Mikoshiba, K.; Worley, P.F.; Muallem, S. Homer 1
mediates store- and inositol 1,4,5-trisphosphate receptor-dependent translocation and retrieval of TRPC3 to
the plasma membrane. J. Biol. Chem. 2006, 281, 32540–32549. [CrossRef]

74. Maleth, J.; Choi, S.; Muallem, S.; Ahuja, M. Translocation between PI(4,5)P2-poor and PI(4,5)P2-rich
microdomains during store depletion determines STIM1 conformation and Orai1 gating. Nat. Commun.
2014, 5, 5843. [CrossRef]

75. Ahuja, M.; Jha, A.; Maleth, J.; Park, S.; Muallem, S. cAMP and Ca2+ signaling in secretory epithelia: Crosstalk
and synergism. Cell Calcium 2014, 55, 385–393. [CrossRef] [PubMed]

76. Cao, X.; Choi, S.; Maleth, J.J.; Park, S.; Ahuja, M.; Muallem, S. The ER/PM microdomain, PI(4,5)P and the
regulation of STIM1-Orai1 channel function. Cell Calcium 2015, 58, 342–348. [CrossRef]

http://dx.doi.org/10.1038/ncomms2526
http://dx.doi.org/10.1126/scisignal.aal4064
http://dx.doi.org/10.1126/scisignal.aal4161
http://dx.doi.org/10.1113/JP279047
http://dx.doi.org/10.1093/emboj/20.8.1863
http://www.ncbi.nlm.nih.gov/pubmed/11296220
http://dx.doi.org/10.1016/j.bbamem.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23685124
http://dx.doi.org/10.1242/jcs.02721
http://dx.doi.org/10.1016/S0143-4160(03)00047-2
http://dx.doi.org/10.1016/S0143416002001938
http://dx.doi.org/10.1093/emboj/18.18.4999
http://dx.doi.org/10.1074/jbc.270.15.8528
http://dx.doi.org/10.1016/j.cub.2005.05.055
http://dx.doi.org/10.1038/nature04702
http://dx.doi.org/10.1038/nature05122
http://dx.doi.org/10.1016/j.febslet.2009.11.078
http://www.ncbi.nlm.nih.gov/pubmed/19944100
http://dx.doi.org/10.1038/ncb1590
http://www.ncbi.nlm.nih.gov/pubmed/17486119
http://dx.doi.org/10.1074/jbc.M602496200
http://dx.doi.org/10.1038/ncomms6843
http://dx.doi.org/10.1016/j.ceca.2014.01.006
http://www.ncbi.nlm.nih.gov/pubmed/24613710
http://dx.doi.org/10.1016/j.ceca.2015.03.003


Int. J. Mol. Sci. 2020, 21, 4005 17 of 19

77. Mogami, H.; Nakano, K.; Tepikin, A.V.; Petersen, O.H. Ca2+ flow via tunnels in polarized cells: Recharging
of apical Ca2+ stores by focal Ca2+ entry through basal membrane patch. Cell 1997, 88, 49–55. [CrossRef]

78. Petersen, O.H.; Verkhratsky, A. Endoplasmic reticulum calcium tunnels integrate signalling in polarised
cells. Cell Calcium 2007, 42, 373–378. [CrossRef]

79. Petersen, O.H.; Courjaret, R.; Machaca, K. Ca2+ tunnelling through the ER lumen as a mechanism for
delivering Ca2+ entering via store-operated Ca2+ channels to specific target sites. J. Physiol. 2017, 595,
2999–3014. [CrossRef]

80. Lur, G.; Haynes, L.P.; Prior, I.A.; Gerasimenko, O.V.; Feske, S.; Petersen, O.H.; Burgoyne, R.D.; Tepikin, A.V.
Ribosome-free terminals of rough ER allow formation of STIM1 puncta and segregation of STIM1 from IP(3)
receptors. Curr. Biol. 2009, 19, 1648–1653. [CrossRef]

81. Hong, J.H.; Li, Q.; Kim, M.S.; Shin, D.M.; Feske, S.; Birnbaumer, L.; Cheng, K.T.; Ambudkar, I.S.; Muallem, S.
Polarized but differential localization and recruitment of STIM1, Orai1 and TRPC channels in secretory cells.
Traffic 2011, 12, 232–245. [CrossRef] [PubMed]

82. Gerasimenko, J.V.; Gryshchenko, O.; Ferdek, P.E.; Stapleton, E.; Hebert, T.O.; Bychkova, S.; Peng, S.; Begg, M.;
Gerasimenko, O.V.; Petersen, O.H. Ca2+ release-activated Ca2+ channel blockade as a potential tool in
antipancreatitis therapy. Proc. Natl. Acad. Sci. USA 2013, 110, 13186–13191. [CrossRef]

83. Wen, L.; Voronina, S.; Javed, M.A.; Awais, M.; Szatmary, P.; Latawiec, D.; Chvanov, M.; Collier, D.; Huang, W.;
Barrett, J.; et al. Inhibitors of ORAI1 Prevent Cytosolic Calcium-Associated Injury of Human Pancreatic
Acinar Cells and Acute Pancreatitis in 3 Mouse Models. Gastroenterology 2015, 149, 481–492. [CrossRef]
[PubMed]

84. Waldron, R.T.; Chen, Y.; Pham, H.; Go, A.; Su, H.Y.; Hu, C.; Wen, L.; Husain, S.Z.; Sugar, C.A.; Roos, J.; et al.
The Orai Ca2+ channel inhibitor CM4620 targets both parenchymal and immune cells to reduce inflammation
in experimental acute pancreatitis. J. Physiol. 2019, 597, 3085–3105. [CrossRef]

85. Zhu, Z.D.; Yu, T.; Liu, H.J.; Jin, J.; He, J. SOCE induced calcium overload regulates autophagy in acute
pancreatitis via calcineurin activation. Cell Death Dis. 2018, 9, 50. [CrossRef] [PubMed]

86. Ahuja, M.; Schwartz, D.M.; Tandon, M.; Son, A.; Zeng, M.; Swaim, W.; Eckhaus, M.; Hoffman, V.; Cui, Y.;
Xiao, B.; et al. Orai1-Mediated Antimicrobial Secretion from Pancreatic Acini Shapes the Gut Microbiome
and Regulates Gut Innate Immunity. Cell Metab. 2017, 25, 635–646. [CrossRef] [PubMed]

87. Kim, M.S.; Hong, J.H.; Li, Q.; Shin, D.M.; Abramowitz, J.; Birnbaumer, L.; Muallem, S. Deletion of TRPC3 in
mice reduces store-operated Ca2+ influx and the severity of acute pancreatitis. Gastroenterology 2009, 137,
1509–1517. [CrossRef] [PubMed]

88. Kim, M.S.; Lee, K.P.; Yang, D.; Shin, D.M.; Abramowitz, J.; Kiyonaka, S.; Birnbaumer, L.; Mori, Y.; Muallem, S.
Genetic and pharmacologic inhibition of the Ca2+ influx channel TRPC3 protects secretory epithelia from
Ca2+-dependent toxicity. Gastroenterology 2011, 140, 2017–2115.e4. [CrossRef] [PubMed]

89. Feske, S. Calcium signalling in lymphocyte activation and disease. Nat. Rev. Immunol. 2007, 7, 690–702.
[CrossRef] [PubMed]

90. Jha, A.; Ahuja, M.; Maleth, J.; Moreno, C.M.; Yuan, J.P.; Kim, M.S.; Muallem, S. The STIM1 CTID domain
determines access of SARAF to SOAR to regulate Orai1 channel function. J. Cell Biol. 2013, 202, 71–79.
[CrossRef]

91. Son, A.; Ahuja, M.; Schwartz, D.M.; Varga, A.; Swaim, W.; Kang, N.; Maleth, J.; Shin, D.M.; Muallem, S.
Ca2+ Influx Channel Inhibitor SARAF Protects Mice From Acute Pancreatitis. Gastroenterology 2019, 157,
1660–1672. [CrossRef] [PubMed]

92. Kochar, B.; Akshintala, V.S.; Afghani, E.; Elmunzer, B.J.; Kim, K.J.; Lennon, A.M.; Khashab, M.A.; Kalloo, A.N.;
Singh, V.K. Incidence, severity, and mortality of post-ERCP pancreatitis: A systematic review by using
randomized, controlled trials. Gastrointest. Endosc. 2015, 81, 143–149.e9. [CrossRef] [PubMed]

93. Lerch, M.M.; Saluja, A.K.; Dawra, R.; Ramarao, P.; Saluja, M.; Steer, M.L. Acute necrotizing pancreatitis
in the opossum: Earliest morphological changes involve acinar cells. Gastroenterology 1992, 103, 205–213.
[CrossRef]

94. Lerch, M.M.; Saluja, A.K.; Runzi, M.; Dawra, R.; Saluja, M.; Steer, M.L. Pancreatic duct obstruction triggers
acute necrotizing pancreatitis in the opossum. Gastroenterology 1993, 104, 853–861. [CrossRef]

95. Mooren, F.; Hlouschek, V.; Finkes, T.; Turi, S.; Weber, I.A.; Singh, J.; Domschke, W.; Schnekenburger, J.;
Kruger, B.; Lerch, M.M. Early changes in pancreatic acinar cell calcium signaling after pancreatic duct
obstruction. J. Biol. Chem. 2003, 278, 9361–9369. [CrossRef]

http://dx.doi.org/10.1016/S0092-8674(00)81857-7
http://dx.doi.org/10.1016/j.ceca.2007.05.012
http://dx.doi.org/10.1113/JP272772
http://dx.doi.org/10.1016/j.cub.2009.07.072
http://dx.doi.org/10.1111/j.1600-0854.2010.01138.x
http://www.ncbi.nlm.nih.gov/pubmed/21054717
http://dx.doi.org/10.1073/pnas.1300910110
http://dx.doi.org/10.1053/j.gastro.2015.04.015
http://www.ncbi.nlm.nih.gov/pubmed/25917787
http://dx.doi.org/10.1113/JP277856
http://dx.doi.org/10.1038/s41419-017-0073-9
http://www.ncbi.nlm.nih.gov/pubmed/29352220
http://dx.doi.org/10.1016/j.cmet.2017.02.007
http://www.ncbi.nlm.nih.gov/pubmed/28273482
http://dx.doi.org/10.1053/j.gastro.2009.07.042
http://www.ncbi.nlm.nih.gov/pubmed/19622358
http://dx.doi.org/10.1053/j.gastro.2011.02.052
http://www.ncbi.nlm.nih.gov/pubmed/21354153
http://dx.doi.org/10.1038/nri2152
http://www.ncbi.nlm.nih.gov/pubmed/17703229
http://dx.doi.org/10.1083/jcb.201301148
http://dx.doi.org/10.1053/j.gastro.2019.08.042
http://www.ncbi.nlm.nih.gov/pubmed/31493399
http://dx.doi.org/10.1016/j.gie.2014.06.045
http://www.ncbi.nlm.nih.gov/pubmed/25088919
http://dx.doi.org/10.1016/0016-5085(92)91114-J
http://dx.doi.org/10.1016/0016-5085(93)91022-A
http://dx.doi.org/10.1074/jbc.M207454200


Int. J. Mol. Sci. 2020, 21, 4005 18 of 19

96. Lerch, M.M.; Weidenbach, H.; Hernandez, C.A.; Preclik, G.; Adler, G. Pancreatic outflow obstruction as the
critical event for human gall stone induced pancreatitis. Gut 1994, 35, 1501–1503. [CrossRef]

97. Pohle, T.; Konturek, J.W.; Domschke, W.; Lerch, M.M. Spontaneous flow of bile through the human pancreatic
duct in the absence of pancreatitis: nature’s human experiment. Endoscopy 2003, 35, 1072–1075. [CrossRef]

98. Elliott, D.W.; Williams, R.D.; Zollinger, R.M. Alterations in the pancreatic resistance to bile in the pathogenesis
of acute pancreatitis. Ann. Surg. 1957, 146, 669–681. [CrossRef]

99. Menguy, R.B.; Hallenbeck, G.A.; Bollman, J.L.; Grindlay, J.H. Intraductal pressures and sphincteric resistance
in canine pancreatic and biliary ducts after various stimuli. Surg. Gynecol. Obstet. 1958, 106, 306–320.

100. Lerch, M.M.; Aghdassi, A.A. The role of bile acids in gallstone-induced pancreatitis. Gastroenterology 2010,
138, 429–433. [CrossRef]

101. Wen, L.; Javed, T.A.; Yimlamai, D.; Mukherjee, A.; Xiao, X.; Husain, S.Z. Transient High Pressure in Pancreatic
Ducts Promotes Inflammation and Alters Tight Junctions via Calcineurin Signaling in Mice. Gastroenterology
2018, 155, 1250–1263.e5. [CrossRef] [PubMed]

102. Romac, J.M.; Shahid, R.A.; Swain, S.M.; Vigna, S.R.; Liddle, R.A. Piezo1 is a mechanically activated ion
channel and mediates pressure induced pancreatitis. Nat. Commun. 2018, 9, 1715. [CrossRef]

103. Cahalan, S.M.; Lukacs, V.; Ranade, S.S.; Chien, S.; Bandell, M.; Patapoutian, A. Piezo1 links mechanical forces
to red blood cell volume. eLife 2015, 4, e07370. [CrossRef] [PubMed]

104. Swain, S.M.; Romac, J.M.; Shahid, R.A.; Pandol, S.J.; Liedtke, W.; Vigna, S.R.; Liddle, R.A. TRPV4 channel
opening mediates pressure-induced pancreatitis initiated by Piezo1 activation. J. Clin. Investig. 2020, 130,
2527–2541. [CrossRef] [PubMed]

105. Hegyi, P., Jr.; Rakonczay, Z. The inhibitory pathways of pancreatic ductal bicarbonate secretion. Int. J.
Biochem. Cell Biol. 2007, 39, 25–30. [CrossRef] [PubMed]

106. Behrendorff, N.; Floetenmeyer, M.; Schwiening, C.; Thorn, P. Protons released during pancreatic acinar cell
secretion acidify the lumen and contribute to pancreatitis in mice. Gastroenterology 2010, 139, 1711–1720.
[CrossRef] [PubMed]

107. Suzuki, A.; Naruse, S.; Kitagawa, M.; Ishiguro, H.; Yoshikawa, T.; Ko, S.B.; Yamamoto, A.; Hamada, H.;
Hayakawa, T. 5-hydroxytryptamine strongly inhibits fluid secretion in guinea pig pancreatic duct cells.
J. Clin. Investig. 2001, 108, 749–756. [CrossRef]

108. Maleth, J.; Madacsy, T.; Pallagi, P.; Balazs, A.; Venglovecz, V.; Rakonczay, Z., Jr.; Hegyi, P. Pancreatic epithelial
fluid and bicarbonate secretion is significantly elevated in the absence of peripheral serotonin. Gut 2015, 64,
1497–1498. [CrossRef]

109. Freedman, S.D.; Kern, H.F.; Scheele, G.A. Pancreatic acinar cell dysfunction in CFTR (−/−) mice is associated
with impairments in luminal pH and endocytosis. Gastroenterology 2001, 121, 950–957. [CrossRef]

110. Pallagi, P.; Balla, Z.; Singh, A.K.; Dosa, S.; Ivanyi, B.; Kukor, Z.; Toth, A.; Riederer, B.; Liu, Y.; Engelhardt, R.;
et al. The role of pancreatic ductal secretion in protection against acute pancreatitis in mice*. Crit. Care Med.
2014, 42, e177–e188. [CrossRef]

111. Zeng, M.; Szymczak, M.; Ahuja, M.; Zheng, C.; Yin, H.; Swaim, W.; Chiorini, J.A.; Bridges, R.J.; Muallem, S.
Restoration of CFTR Activity in Ducts Rescues Acinar Cell Function and Reduces Inflammation in Pancreatic
and Salivary Glands of Mice. Gastroenterology 2017, 153, 1148–1159. [CrossRef] [PubMed]

112. Pallagi, P.; Venglovecz, V.; Rakonczay, Z., Jr.; Borka, K.; Korompay, A.; Ozsvari, B.; Judak, L.; Sahin-Toth, M.;
Geisz, A.; Schnur, A.; et al. Trypsin reduces pancreatic ductal bicarbonate secretion by inhibiting CFTR Cl(−)
channels and luminal anion exchangers. Gastroenterology 2011, 141, 2228–2239.e6. [CrossRef] [PubMed]

113. Waldron, R.T.; Lugea, A.; Pandol, S.J. Brake adjustment: Ca2+ entry pathway provides a novel target for
acute pancreatitis therapy. Ann. Transl. Med. 2019, 7, S284. [CrossRef] [PubMed]

114. CalciMedica, Inc. A PK/PD Study of CM4620-IE in Patients with Acute Pancreatitis; US National Library of
Medicine, ClinicalTrials.gov: Bethesda, MD, USA, 2018.

115. CalciMedica, Inc. CM4620 Injectable Emulsion Versus Supportive Care in Patients with Acute Pancreatitis and
SIRS; US National Library of Medicine 2019, ClinicalTrials.gov: Bethesda, MD, USA, 2019.

116. Fourgeaud, L.; Dvorak, C.; Faouzi, M.; Starkus, J.; Sahdeo, S.; Wang, Q.; Lord, B.; Coate, H.; Taylor, N.; He, Y.;
et al. Pharmacology of JNJ-28583113: A novel TRPM2 antagonist. Eur. J. Pharmacol. 2019, 853, 299–307.
[CrossRef] [PubMed]

http://dx.doi.org/10.1136/gut.35.10.1501
http://dx.doi.org/10.1055/s-2003-44586
http://dx.doi.org/10.1097/00000658-195710000-00013
http://dx.doi.org/10.1053/j.gastro.2009.12.012
http://dx.doi.org/10.1053/j.gastro.2018.06.036
http://www.ncbi.nlm.nih.gov/pubmed/29928898
http://dx.doi.org/10.1038/s41467-018-04194-9
http://dx.doi.org/10.7554/eLife.07370
http://www.ncbi.nlm.nih.gov/pubmed/26001274
http://dx.doi.org/10.1172/JCI134111
http://www.ncbi.nlm.nih.gov/pubmed/31999644
http://dx.doi.org/10.1016/j.biocel.2006.07.011
http://www.ncbi.nlm.nih.gov/pubmed/16996776
http://dx.doi.org/10.1053/j.gastro.2010.07.051
http://www.ncbi.nlm.nih.gov/pubmed/20691184
http://dx.doi.org/10.1172/JCI12312
http://dx.doi.org/10.1136/gutjnl-2015-309776
http://dx.doi.org/10.1053/gast.2001.27992
http://dx.doi.org/10.1097/CCM.0000000000000101
http://dx.doi.org/10.1053/j.gastro.2017.06.011
http://www.ncbi.nlm.nih.gov/pubmed/28634110
http://dx.doi.org/10.1053/j.gastro.2011.08.039
http://www.ncbi.nlm.nih.gov/pubmed/21893120
http://dx.doi.org/10.21037/atm.2019.11.119
http://www.ncbi.nlm.nih.gov/pubmed/32016003
http://dx.doi.org/10.1016/j.ejphar.2019.03.043
http://www.ncbi.nlm.nih.gov/pubmed/30965058


Int. J. Mol. Sci. 2020, 21, 4005 19 of 19

117. Maleth, J.; Rakonczay, Z., Jr.; Venglovecz, V.; Dolman, N.J.; Hegyi, P. Central role of mitochondrial injury in
the pathogenesis of acute pancreatitis. Acta Physiol. (Oxf.) 2013, 207, 226–235. [CrossRef] [PubMed]

118. Halestrap, A.P.; Richardson, A.P. The mitochondrial permeability transition: A current perspective on its
identity and role in ischaemia/reperfusion injury. J. Mol. Cell Cardiol. 2015, 78, 129–141. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/apha.12037
http://www.ncbi.nlm.nih.gov/pubmed/23167280
http://dx.doi.org/10.1016/j.yjmcc.2014.08.018
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Ca2+ Signalling and Acute Pancreatitis 
	Intracellular Ca2+ in Biliary AP 
	Intracellular Ca2+ in Alcoholic AP 
	Intracellular Ca2+ in Drug-Induced AP 

	Interplay between Ca2+ and Redox Signalling in Acute Pancreatitis 
	Store-Operated Ca2+ Entry and Acute Pancreatitis 
	Ca2+ Signalling in Pressure-Related Acute Pancreatitis 
	Translational Perspectives 
	References

