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Abstract
Purpose of review—This review focuses on studies from the past year that highlight molecular
and cellular mechanisms of pancreatic injury arising from acute and chronic pancreatitis.

Recent findings—Factors that induce or ameliorate injury as well as cellular pathways involved
have been examined. Causative or sensitizing factors include refluxed bile acids, hypercalcemia,
ethanol, hypertriglyceridemia, and acidosis. In addition, the diabetes drug exendin-4 has been
associated with pancreatitis, whereas other drugs may reduce pancreatic injury. The intracellular
events that influence disease severity are better understood. Cathepsin-L promotes injury through
an antiapoptotic effect, rather than by trypsinogen activation. In addition, specific trypsinogen
mutations lead to trypsinogen misfolding, endoplasmic reticulum stress, and injury. Endogenous
trypsin inhibitors and upregulation of proteins including Bcl-2, fibroblast growth factor 21, and
activated protein C can reduce injury. Immune cells, however, have been shown to increase injury
via an antiapoptotic effect.

Summary—The current findings are critical to understanding how causative factors initiate
downstream cellular events resulting in pancreatic injury. Such knowledge will aid in the
development of targeted treatments for pancreatitis. This review will first discuss factors
influencing pancreatic injury, and then conclude with studies detailing the cellular mechanisms
involved.
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Introduction
Multiple factors initiate or enhance cellular injury in pancreatitis (Fig. 1). However,
beneficial factors have also been identified. In this summary of the past year’s work, we first
review general extracellular factors that affect pancreatic injury and then summarize the
downstream pathways responsible for these effects.
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Bile acids
Biliary pancreatitis is the most common cause of pancreatitis [1]. Yet for over a century, it
remains unclear how biliary obstruction leads to pancreatitis. Recent work by Perides et al.
[2••] suggests that refluxed bile acids bind to a G-protein-coupled, cell surface bile acid
receptor expressed on the luminal membrane of acinar cells called Gpbar1. Deletion of
Gpbar1 in vivo led to reduced severity of pancreatitis in a mouse model that used retrograde
pancreatic duct injection of the bile acid taurolithocholic acid-3-sulfate (TLCS). In vitro,
acinar cells from Gpbar1-deficient mice were protected against TLCS-induced generation of
pathological Ca2+ transients, intracellular zymogen activation, and cell injury. Interestingly,
pancreatic injury from caerulein hyperstimulation in vivo or in vitro was not affected by
Gpbar1, suggesting that pathological Gpbar1 activation might be specific to biliary
pancreatitis. The overall findings support the notion that biliary pancreatitis could result
from bile reflux into the pancreas and that bile acids signal as ligands to receptors on the
acinar cell surface.

Aberrant Ca2+ signals
Aberrant intra-acinar Ca2+ signals are critical to the transduction of acinar cell injury [3]. In
addition, hypercalcemia is a risk factor for pancreatitis. However, the role of Ca2+ influx in
shaping aberrant Ca2+ signals has not been well defined. Kim et al. [4] examined the role of
the membrane Ca2+ influx channel transient receptor potential isoform 3 (TRPC3) on acinar
cell Ca2+. They showed that acinar cells from mice deficient in TRPC3 had reduced
receptor-stimulated Ca2+ influx and a lower sustained Ca2+ transient induced by bile acids
or the alcohol metabolite palmitoleic acid ethyl ester (PAEE). Functionally, TRPC3
deficiency prevented the pathological inhibition of amylase secretion and reduced
intraacinar zymogen activation, actin depolarization, and pancreatitis severity in vivo. The
study underscores the importance of Ca2+ influx in the pathogenesis of pancreatic injury
during pancreatitis.

Two recent studies have reported targets of the aberrant acinar cell Ca2+ signal generated
during pancreatitis. Shah et al. [5] examined the Ca2+-activated phosphatase, calcineurin.
Mice pretreated with the calcineurin inhibitor FK506, or tacrolimus, had markedly reduced
intrapancreatic protease activation and pancreatitis severity at both early and late times after
in-vivo caerulein hyperstimulation. Heike et al. [6] reported that Ca2+-activated proteases,
calpains, are linked to pancreatitis responses. The calpain inhibitor Z-Val-Phe methyl ester
reduced cholecystokinin-induced rearrangement of the actin cytoskeleton and degradation of
actin-associated proteins. The two Ca2+-dependent pathways could serve as therapeutic
targets.

Ethanol metabolites and Ca2+

Ethanol abuse is the most common cause of chronic pancreatitis and the second leading
cause of acute disease [1]. Seminal studies by Laposata and Lange [7] demonstrated that the
pancreas readily converts ethanol via a nonoxidative pathway into fatty acid ethyl esters
(FAEEs). In recent work, Gerasimenko et al. [8•] examined the role of FAEEs on acinar cell
Ca2+ signals leading to pathologic zymogen activation. Ca2+ release and trypsin activation
induced by PAEE were primarily mediated by release of Ca2+ from the inositol 1,4,5-
triphosphate receptor (IP3R) types 2 and 3 that are linked to an acidic, vesicular
compartment. The findings suggest that FAEEs pathologically target selective Ca2+-
releasing pools within the acinar cell. Del Castillo-Vaquero et al. [9] showed that acute
application of ethanol at clinically relevant concentrations (1–50 mmol/l) to isolated acinar
cells resulted in Ca2+ influx due to the production of oxidative metabolites of alcohol.
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Together, the studies implicate a role for alcohol metabolites in acinar cell injury through
aberrant Ca2+ signals.

Lipids
Hypertriglyceridemia (serum triglyceride >1000 mg/dl) is an absolute risk factor for
pancreatitis, whereas lower levels can predispose to disease [10]. Wang et al. [11]
investigated hypertriglyceridemia in a pancreatitis model and found that lipoprotein lipase-
deficient mice, rich in circulating serum triglycerides, developed a more severe caerulein-
induced pancreatitis than wild-type mice. In addition, increased free fatty acids in the
pancreatic microenvironment, due to the hydrolysis of triglycerides by pancreatic lipase,
induced pancreatic injury. Interestingly, pancreatic lipase also had a protective effect; it
signaled via cyclic GMP to convert pathological sustained Ca2+ signals to physiological
Ca2+ oscillations. In work by Siech et al. [12], alcohol administration along with fat, in the
form of very-low-density lipoprotein, led to acinar cell injury and apoptosis as well as
pancreatic stellate cell (PSC) proliferation. The results of the studies indicate that pancreatic
injury can result from exposure of acinar cells to free fatty acids or a combination of ethanol
and lipids.

Drugs to treat pancreatitis
Several reports over this year have examined medications that may be protective against
pancreatic injury during pancreatitis. Singh et al. [13] examined mechanisms responsible for
the protective effects of the protease inhibitors nelfinavir and ritonavir in HIV-infected
individuals. They found that the drugs reduced acinar cell injury by preventing
mitochondrial membrane depolarization, without affecting the inflammatory response.
Yamaguchi et al. [14] showed that the serotonin 5-hydroxytryptamine-2A receptor
antagonist risperidone ameliorated severe, necrotic pancreatitis in mice induced by a
choline-deficient ethionine-supplemented diet, suggesting a possible therapeutic role for
serotonin blockade.

Although much work has been done in studying methods to reduce inflammation after
pancreatitis, little is known about ways to enhance recovery or regeneration of the pancreas
after injury. Sidhu et al. [15] showed that pharmacologic administration of the endogenous
circadian regulator melatonin accelerated pancreatic regeneration in rats recovering from L-
arginine-induced pancreatitis. The effect was associated with the activation of PSCs,
presumably working to synthesize extracellular matrix components as a platform for the
repair process. Babu et al. [16] demonstrated that the naturally occurring antioxidant and
anti-inflammatory green tea polyphenols reduced the severity of caerulein-induced acute
pancreatitis by preventing nuclear factor-kappa B (NF-κB) activation and reducing oxidative
stress.

Drugs causing pancreatitis
Clinical and experimental studies have suggested that drugs used to treat diabetes that
increase glucagon-like peptide-1 (GLP-1) levels might be linked to pancreatitis. One study
[17] did not demonstrate any sensitizing effect of the GLP-1 agonist, exendin-4, in the
caerulein hyperstimulation model in mice. However, two other studies [18,19] that treated
rats for up to 3 months with either a GLP-1 agonist or dipeptidyl peptidase 4 inhibitor
(which increases GLP-1 levels) found a distinct form of pancreatic injury in some animals.
Areas of duct proliferation, fibrosis, and loss of acinar cells reminiscent of chronic
pancreatitis were observed. Whether these agents increase the risk of acute pancreatitis or
promote the development of chronic pancreatitis are unresolved clinical issues that must be
examined prospectively.
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pH effects
Experimental and clinical findings have defined a link between a low-pH environment and
the onset of acute pancreatitis. An extracellular acid load (pHe), both in vivo and in vitro,
enhanced secretagogue-induced zymogen activation and acinar cell injury [20•].
Furthermore, inhibition of the vacuolar ATPase, a proton transporter, blocked low pHe
effects on zymogen activation. These studies suggest that an acid challenge sensitizes the
pancreas to secretagogue-induced zymogen activation and injury and may increase the risk
for the development and severity of acute pancreatitis.

Thus far, we have focused on causative or sensitizing factors of pancreatic injury. In the next
section, we explore recent advances in understanding downstream mediators of injury.

Cathepsin-L
The second most abundant lysosomal cysteine proteinase, cathepsin-L (CTSL), cleaves
trypsinogen to an inactive form of trypsin [21•]. Surprisingly, however, CTSL−/− mice
developed a less severe pancreatitis. The phenotype was attributed to induction of apoptosis,
thus implying an antiapoptotic role for CTSL. In addition, the effects of CTSL on disease
severity are completely uncoupled from its effects on trypsinogen cleavage.

Trypsinogen
In addition to its proteolytic activation by cathepsins, trypsinogen can undergo
autoactivation. Known disease mutations, p.D19A, p.D22G, and p.K23R, in the serine
protease 1 (PRSS1) gene, which codes for human cationic trypsinogen, strongly stimulated
trypsinogen autoactivation and markedly decreased secretion [22]. An additional study from
the same group examined the effect of the p.R116C mutation and found that it induced
misfolding of cationic trypsinogen and consequent endoplasmic reticulum stress, unrelated
to trypsinogen activation. The latter study [23] suggests that endoplasmic reticulum stress
could play a role in chronic pancreatitis.

Endogenous pancreatic secretory trypsin inhibitors (PSTIs) may protect the pancreas from
cell damage by inhibiting prematurely activated trypsin. Rodent trypsin inhibitors are highly
homologous to human serine protease inhibitor Kazal type 1 (SPINK 1). There are two for
rat (PSTI-I and PSTI-II) and one for mouse (SPINK 3). Mutations in the gene encoding
PSTIs can lead to chronic pancreatitis. Overexpression of rat PSTI-I in transgenic mice
reduced chronic pancreatitis severity [24]. In another study [25] from the same group,
SPINK 3−/− mice did not survive beyond 1 week and had elevated levels of pancreatic
trypsin. However, mice with either the genotype SPINK 3+/−, or SPINK 3−/− but expressing
rat PSTI-I, had a survival rate comparable to that seen for SPINK 3+/+ mice, indicating that a
threshold level of expression for PSTI was sufficient to protect against pancreatic injury.

Autophagy
A recognized pathologic pancreatitis response is the accumulation of autophagic vacuoles in
the acinar cell. Studies now suggest they have a central role in disease. Fortunato et al. [26•]
concluded that an ethanol/lipopolysaccharide (LPS) model of acute pancreatitis involved the
depletion of critical lysosomal proteins and inhibition of a late stage of autophagy. Similarly,
Mareninova et al. [27••] reported that acute pancreatitis was associated with decreased
activity in the autophagic pathway and that autophagic function induced by starvation versus
pancreatitis was very different. Together, these studies suggest that decreased autophagic
function, especially suppressed degradation of proteins including activated proteases, is
central to the pathogenesis of acute pancreatitis.
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Mitochondria
Injury and severity in pancreatitis often directly correlate with necrosis and inversely with
apoptosis. Necrosis occurs following collapse of the mitochondrial membrane potential and
ATP depletion, whereas apoptosis is mediated by cytochrome c release into the cytosol and
subsequent caspase activation. Sung et al. [28] recently showed that the prosurvival proteins,
Bcl-XL and Bcl-2, protect acinar cells by stabilizing the mitochondria and attenuating
necrosis. Induction of oxidative stress and apoptosis with menadione was abrogated when
mitochondrial Ca2+ uptake was blocked [24].

Furthermore, Ca2+-elevating secretagogues, cholecystokinin and acetylcholine, transiently
raised ATP levels in the cytosol and mitochondria, indicating that acinar cells might need an
increase in ATP production to successfully undergo apoptosis and thereby reduce injury
[29]. Although factors such as bile acids and nonoxidative ethanol metabolites also increase
Ca2+, a concomitant elevation in cytosolic or mitochondrial ATP levels was not observed,
suggesting these agents favor necrosis and increased disease severity.

Protein kinase C delta
Protein kinase C (PKC) isoforms are key mediators of acute pancreatitis. Genetic deletion or
pharmacologic inhibition of PKC delta reduced activation of NF-κB and zymogens, but did
not affect amylase secretion [30]. The targets of PKC delta remain unclear.

Fibroblast growth factor 21
The family of fibroblast growth factors (FGFs) has a diverse range of biological functions.
Johnson et al. [31] demonstrated rapid expression of FGF21 during in-vivo models of
pancreatitis. Mice lacking the Fgf21 gene in the whole organism revealed increased tissue
damage and lethality in two models of acute pancreatitis. The study supports a protective
role for FGF21 against cellular damage during inflammation. Further, FGF21 inhibited the
early activation of PSCs, thus attenuating fibrosis.

Substance P
Substance P is a proinflammatory mediator that acts through the neurokinin 1 receptor
(NRK-1) in acute pancreatitis. Ramnath et al. [32] showed that substance P/NRK-1 induced
src family kinase (SFK) activation leading to subsequent activation of chemokines.
Treatment of isolated acinar cells with SFK inhibitors or substance P receptor antagonists
reduced cell injury, highlighting the detrimental role this pathway plays in acute pancreatitis.
In another study, Zhou and Xue [33] showed that administration of ghrelin, a 28-amino acid
protein from gastric mucosa involved in growth hormone release, leads to decreased lung
injury in a sodium taurocholate model of pancreatitis in rodents. The effect was attributed to
a ghrelin-mediated decrease in substance P.

Phosphoinositide 3-kinase/AKT pathway
Using a pharmacological approach, Tamizhselvi et al. [34] showed that hydrogen sulphide
activated the phosphoinositide 3-kinase (PI3K)/AKT pathway, thereby reducing levels of
inflammatory cytokines in a caerulein-induced mouse model of acute pancreatitis. The
studies contrast with previous work demonstrating reduced zymogen activation and
pancreatitis severity with PI3K inhibition [35].
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Heat shock proteins
Mitogen-activated protein kinase (MAPK)-activated protein kinase 2 (MK2) is a member of
the MAPK-activated protein kinases and phosphorylates heat shock proteins (HSPs) during
experimental pancreatitis, leading to protective effects. Li et al. [36] recently demonstrated,
however, that such a protective mechanism might not be applicable in models of severe
acute pancreatitis. Following injections of caerulein and LPS in MK2−/− versus wild-type
mice, disease severity was reduced in the knockout animals, although HSP25 and HSP60
expression was unaffected. Thus, MK2 participates in early inflammatory responses in acute
pancreatitis, independent of the stress proteins.

Activated protein C
The protein C pathway is a major physiological anticoagulant and fibrinolysis system.
Protein C is converted to an active serine protease, activated protein C (APC), by thrombin
bound to thrombomodulin on the endothelial surface, whereupon it degrades factors
involved in coagulation. In a sodium taurocholate rodent model of severe acute pancreatitis,
treatment with APC decreased serum tumor necrosis factor-alpha (TNFα), interleukin8, and
pancreatic matrix metallopeptidase 9 levels; upregulated pancreatic thrombomodulin and
endothelial cell protein C receptor; and reduced disease severity [37].

Innate immunity and immune cells
The Toll-like receptor family (TLR), particularly TLR4, comprises the innate immune
response and plays a major role in the early stages of acute pancreatitis. TLR4 initiates a
complex signaling response when it interacts with LPS, resulting in a proinflammatory
response. Sharif et al. [38] observed the effects of genetic deletion of TLR4 or its coreceptor
CD14 in two models of experimental pancreatitis (caerulein and L-arginine-induced).
TLR4−/− or CD14−/− mice had less severe acute pancreatitis and reduced lung injury
compared with wild type. In another study, Zhou et al. [39] found TNF receptor-associated
factor 6 to be a key adaptor of both TLR4-dependent and TLR4-independent signaling
pathways and an important factor in acute pancreatitis. Whether the TLR-dependent effects
are due to release of mitochondrial DNA warrants further study [40].

Various immune cells can determine the death response in acute pancreatitis. Nakamura et
al. [41] showed that neutrophils inhibit apoptosis in pancreatitis by upregulating the
ubiquitin ligase, Mdm2, which degrades the tumor promoter p53. Degradation of p53
prevents activation of caspase2, an initiator of apoptosis, and ultimately promotes necrosis
and cellular injury. In another study, Kamei et al. [42] explored the role of triggering
receptor expressed on myeloid cells-1 (TREM-1), a new receptor of the immunoglobulin
superfamily, expressed on neutrophils and monocytes/macrophages. In a model of severe
acute pancreatitis, they found that increases in TREM-1 levels corresponded with an
increase in disease severity. Blockade of the TREM-1 pathway with its inhibitor LP17
improved hepatic and renal function in severe acute pancreatitis and could provide a
potential therapeutic target for pancreatitis-associated organ dysfunction.

Conclusion
In summary, this review has detailed the past year’s progress in identifying mediators, which
influence pancreatic injury and understanding their mechanisms at the cellular level. Factors
that elevate intracellular Ca2+ signals and initiate proinflammatory responses lead to
increases in disease severity. Furthermore, factors that promote antiapoptotic pathways may
increase pancreatic injury. Finally, recent strategies that target such downstream events may
prove beneficial in ameliorating pancreatitis and reducing cellular and systemic injury.
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Figure 1. Mediators of pancreatic injury in acute and chronic pancreatitis
Multiple factors induce, or sensitize, the pancreatic acinar cell to pancreatitis and cellular
injury. Causative/sensitizing factors of pancreatic injury include refluxed bile acids, alcohol,
and pH. They largely mediate downstream events such as elevated intracellular Ca2+ via
influx through TRPC3 channels and release from IP3 and ryanodine-sensitive Ca2+ stores.
Genetic factors, such as mutations in tryspinogen, lead to misfolded proteins and
endoplasmic reticulum stress. Immune cells promote necrosis over apoptosis leading to
increased disease severity. The diabetes drug exendin-4 facilitates injurious responses,
whereas HIV drugs nelfinavir and ritonavir stabilize mitochondria, supporting apoptosis.
Some proteins (ghrelin, activated protein C) encourage protective mechanisms leading to
reduced injury. IP3, inositol 1,4,5-triphosphate; TRPC3, transient receptor potential isoform
3.
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