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Abstract The precise mechanisms involved in the patho-
physiology of acute pancreatitis (AP) are still far from clear.
Several earlier studies have focused mainly on pancreatic en-
zyme activation as the key intracellular perturbation in the
pancreatic acinar cells. For decades, the trypsin-centered hy-
pothesis has remained the focus of the intra-acinar events in
acute pancreatitis. Recent advances in basic science research
have lead to the better understanding of various other mecha-
nisms such as oxidative and endoplasmic stress, impaired au-
tophagy, mitochondrial dysfunction, etc. in causing acinar cell
injury. Despite all efforts, the clinical outcome of patients with
AP has not changed significantly over the years. This suggests
that the knowledge of the critical molecular pathways in the
pathophysiology of AP is still limited. The mechanisms
through which the acinar cell injury leads to local and system-
ic inflammation are not well understood. The role of inflam-
matory markers and immune system activation is an area of
much relevance from the point of view of finding a target for
therapeutic intervention. Some data are available from exper-
imental animal models but not much is known in human pan-
creatitis. This review intends to highlight the current under-
standing in this area.

Keywords Acute pancreatitis . Damage associatedmolecular
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Introduction

Acute pancreatitis (AP) is an acute inflammatory disease of
the pancreas, characterized clinically by sudden-onset upper
abdominal pain and biochemically by an increase in pancre-
atic enzymes in the blood [1]. About 70 % to 80 % of patients
with acute pancreatitis have a mild disease, but in 20 % to
30 % of patients, the disease runs a severe course with a
substantial mortality of up to 40 % [2]. The pathogenesis of
acute pancreatitis has continued to be an enigma to the clinical
researchers and basic scientists. In 1896, Chiari first proposed
the concept of autodigestion of the pancreas due to activated
pancreatic enzymes. Since then, trypsin-centered hypothesis
has remained the focus of the intra-acinar events in acute pan-
creatitis [3]. With significant advances in basic science re-
search, our understanding has increased significantly in the
last couple of decades [4, 5]. Several recent studies have iden-
tified various mechanisms such as oxidative stress, endoplas-
mic stress, impaired autophagy, mitochondrial dysfunction,
etc. in the pathogenesis of AP [6, 7]. However, the translation
of basic science knowledge into clinical practice has been
lagging behind and the outcome of patients with AP has not
changed significantly over the years. This suggests that pre-
cise and critical molecular pathways in the pathophysiology of
AP are still unknown. It remains elusive how the acinar cell
injury from the initial inciting event(s) leads to local inflam-
mation and its escalation into systemic inflammation.
Variability in immune responses could be a key determinant
of the severity in AP. The most severe pancreatitis ensues
when local inflammation escalates into systemic inflammation
leading to tissue injury and organ dysfunction [8]. Hence, the
role of immune system activation and inflammatory mediators
is an area of immense interest from the point of finding poten-
tial targets for therapeutic intervention. The objective of the
present review is to highlight the existing knowledge of the
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intra-acinar mechanisms and the inflammatory pathways in-
volved in the initiation and progression of acute pancreatitis.

The pathogenetic mechanisms in acute pancreatitis are
discussed under following headings:

1. Intra-acinar events

a. Zymogen activation
b. Autophagy
c. Oxidative stress and redox signaling
d. Mitochondrial dysfunction
e. Endoplasmic stress

2. Inflammatory responses in acute pancreatitis

a. NF-κB activation
b. Local inflammation: role of damage-associated mo-

lecular patterns (DAMPs) and inflammasomes
c. Systemic inflammation: role of immune cells and in-

flammatory cytokines
3. Multi-organ dysfunction syndrome (MODS) in acute

pancreatitis

a. Microcirculatory abnormalities
b. Coagulation disturbances
c. Bacterial translocation and secondary infection
d. Role of adipose tissue

Intra-acinar events

Zymogen activation

The premature activation of intracellular pancreatic enzymes
is an important early step during in the pathogenesis of AP.
The pathological conversion of inactive trypsinogen into tryp-
sin has long been thought as the primary mechanism in initi-
ating acute pancreatitis. It has been demonstrated that expres-
sion of trypsin in acinar cells is enough to induce cell death
and inflammation in pancreatic tissue [9]. In order to precisely
demonstrate the role of trypsinogen in AP, a genetically
engineered mouse lacking trypsinogen 7 gene (T−/− mice), a
novel knockout mice lacking mouse trypsinogen isoform-7, a
paralog of human cationic trypsinogen (PRSS1) was created
and used for experimental pancreatitis. Absence of trypsino-
gen activation in T−/−mice led to near complete inhibition of
acinar cell death in vitro and a 50 % reduction in acinar ne-
crosis, but similar degrees of local and systemic inflammation
were seen during AP progression when compared with wild-
type acini in caerulein model of in vitro pancreatitis [10]. This
novel knockout mice study showed that while trypsinogen
activation is important in causing cell injury early during pan-
creatitis, the progression of inflammation, both local and

systemic, during acute pancreatitis is a trypsin-independent
mechanism. The trypsin-independent local inflammatory re-
action causes pancreatic damage during later stages, whereas
there is direct trypsin-mediated pancreatic cell injury early
during the induction of acute pancreatitis.

Various cellular mechanisms that are important for the pre-
mature activation of trypsinogen include alteration of calcium
homeostasis, co-localization of lysosomes, and zymogens and
pH alteration (Figs. 1a-c).

Calcium signaling

Cytosolic calcium influx plays a dominant role in both phys-
iological and pathological responses in the acinar cell. The
physiological response involves transient spikes in Ca2+ local-
ized to the apical area, whereas sustained global rise denotes a
pathological response [11, 12]. Trypsinogen activation and
trypsin inactivation are primarily controlled by trypsin
(autoactivation and autolysis), and the intracellular calcium
concentration affects trypsin activation [13]. The abnormal
increase in calcium may be either due to excess influx of
Ca2+ or pathology in intracellular calcium clearance
mechanisms.

The important sources of pathological calcium response are
as follows:

1. IP3R-mediated endoplasmic reticulum (ER) projections
and ER membrane ryanodine receptors (RyR) [14].

2. Plasma membrane store operated calcium channels
(SOCs) [15]. TRPC3 (transient receptor potential channel
3) and Orai channels have recently been identified as
important SOCs.

3. Two-pore channels (TPCs) and mitochondria are other
recently recognized sources of calcium.

RyRs are calcium-sensitive channels that open in re-
sponse to mild rise in Ca2+ and mediate release of Ca2+

from ER. Orai1, a transmembrane spanning protein with
four domains, resides at the plasma membrane. STIM1 is
postulated to be an important regulator of Orai1 and is
located on the ER membrane. It senses ER Ca2+ deple-
tion and translocates towards plasma membrane, where it
interacts with Orai1 to open the SOCs [16]. Whether
STIM1 regulates other SOCs like TRPC3 is not clear.
Dantrolene, a pharmacologic antagonist of RyR, and ge-
netic and pharmacologic inhibition of (TRPC3) have
shown that inhibition of intracellular calcium influx at-
tenuates zymogen activation as well as pancreatic dam-
age [17, 18].

Inadequate clearance of Ca2+ is another factor leading to
increased intracellular calcium [19, 20]. The clearance of Ca2+

is an ATP-requiring process and ATP depletion or direct inhi-
bition of smooth endoplasmic reticulum calcium ATPase
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(SERCA) increases intracellular Ca2+. This has been recog-
nized as an important mechanism of pancreatic injury by bile
acids and ethanol metabolites [21].

Co-localization of lysosomes and zymogens

Pancreatic enzymes exist as inactive zymogen granules in the
acinar cytoplasm. During early stages of AP, the pancreatic
zymogens become co-localized with lysosomal hydrolases
such as cathepsin B resulting in premature trypsinogen acti-
vation [22]. Missorting of cathepsin B into the secretory com-
partment alone failed to activate trypsinogen but only en-
hanced trypsin activity during AP [23]. This suggests that
co-localization is not a sufficient process; it needs another
condition, most likely low vacuolar pH, to activate trypsino-
gen. The acidic pH enhances the catalytic activity of cathepsin
B to activate trypsinogen. Vacuolar ATPase (vATPase) which
pumps protons into these vacuoles is recently identified to
lower pH in these vacuoles.

Alteration in pH

Behrendorff et al. [24] showed that physiological secretion of
zymogen granules from the acinar cells leads to acidification
of pancreatic lumen. But how low extracellular pH affects the
acinar cell is not clear. The injurious effect of low pH is most
likely mediated through RyR-mediated pathological increase
in calcium, vATPase-mediated pumping of protons into the
vacuoles, and disruption of intercellular junctions leading to
zymogen activation and spread into intercellular spaces [25,
26]. Acidic luminal pH also maintains a negative feedback
loop regulating acinar secretion. Inhibition of bicarbonate se-
cretion by duct cells appears to be another mechanism leading
to low pH.

Autophagy in acute pancreatitis

Autophagy is a conserved biological process that has
evolved as a complex physiological response involving

Fig. 1 Intra-acinar events in the pathophysiology of acute
pancreatitis: inciting events like gallstones, endoscopic retrograde
cholangiopancreatography, ductal ligation causes ductal obstruction
which may block the usual acinar exocytosis of trypsinogen, and
increased intraductal pressure resulting in intra-acinar activation of
zymogens possibly by co-localization of zymogens and lysosomal
hydrolases such as cathepsin B which activates trypsinogen to

trypsin. This activated enzymes may undergo basolateral secretion
into the interstitium leading to disruption of the paracellular barrier
(a, b). Disruption in calcium homeostasis from either pathologic
intra-cytoplasmic calcium signals or inadequate calcium clearance
through ATP-dependent mechanisms are the key pathogenetic
mechanism in acute pancreatitis (c)
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lysosome-mediated processing and elimination of damaged
protein aggregates, organelles, or microorganisms. The role
of autophagy in AP has recently been investigated. Grasso
et al. [27] described autophagy as protective zymophagy, a
response to sequester and degrade potentially deleterious
activated zymogens during early stages of pancreatitis.
Others suggested that autophagy exerts damaging effects
in acinar cells during the onset of AP by delivering trypsin-
ogen to the lysosomes which converts trypsinogen to tryp-
sin [7]. Marerinova et al. [28] showed that impaired autoph-
agy is associated with an imbalance between cathepsin L,
which degrades trypsinogen and trypsin, and cathepsin B,
which converts trypsinogen into trypsin, resulting in
intra-acinar accumulation of active trypsin (Fig. 2a).
Mitophagy, a process of degrading damaged mitochondria,
has also been shown as a part of general autophagy
(macroautophay) in acute pancreatitis [29].

Oxidative stress and redox signaling in acute pancreatitis

Sanfey et al. [30] first reported the beneficial effects of anti-
oxidants superoxide dismutase (SOD) and catalase (CAT) in
AP, supporting the role of oxidative stress in the pathogenesis
of AP. Oxidative stress is now recognized as a key mediator
not only in the early intra-acinar events but also the systemic
inflammatory responses [31, 32] (Fig. 2b). The sources of
reactive oxygen species (ROS) vary with the experimental

models. In caerulein-induced mild acute pancreatitis, ROS is
generated mainly from activated neutrophils, whereas in
taurocholate-induced necrotizing AP, xanthine oxidase (XO)
is the predominant source. XO has a potential to release large
amount of free radicals when activated from xanthin dehydro-
genase (XDH). XO inhibition with allopurinol or derivatives
has been associated with beneficial effects in AP [30].
Oxidative stress is generated primarily from NADPH oxidase
[33] and mitochondrial dysfunction during pancreatitis [34].
H2O2, a second messenger of NADPH oxidases, is a major
source of ROS in inflammation [35]. Deficient production of
NADPH oxidase was shown to reduce trypsin activation in
mice with caerulein-induced pancreatitis [36].

The oxidative stress appears to have a dual role in pancreatic
injury. ROS induction in the acinar cells promotes apoptosis, a
less severe form of cellular injury as it does not induce inflam-
matory response. On the other hand, inhibition of ROS gener-
ation is accompanied by reduced ATP leading to necrosis,
which incites an intense inflammatory response. The oxidative
stress in the neutrophils activated during inflammatory re-
sponse to acinar injury may be responsible for further propa-
gation of local and systemic inflammation [37]. The levels of
free radicals such as malondialdehyde and xanthine oxidase,
and markers of oxidative stress such as myeloperoxidase and
thiobarbituric acid reactive substances are increased in the
blood early during the course of acute pancreatitis [38, 39].
The ratio between GSSG (oxidized glutathione) and GSH

Fig. 2 a Impaired autophagy leads to accumulation of autophagic
vacuoles, a process that exerts imbalance between the protective
cathepsin L and the destructive cathepsin B form leading to intra-acinar
accumulation of active trypsin. bReactive oxygen species (ROS) in acute

pancreatitis is generated primarily from NADPH oxidase and
mitochondrial dysfunction. Oxidative stress can affect acinar cell at
different levels: gene expression, epigenetic modification, immune
interaction, and cell signals leading to cellular injury and death
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(reduced glutathione) is another reliable indicator of oxidative
stress in cells [40]. GSH depletion is thought to allow prema-
ture activation of digestive enzymes inside acinar cells trigger-
ing the inflammatory process [41–43].

Redox signalingUnbalanced cellular redox status not only
causes oxidative damage but also acts as intracellular sig-
nal in up-regulating pro-inflammatory genes by NF-κB
activation leading to expression of interleukin-1β
(IL-1β), IL-6, and TNF-α. Calcium homeostasis is also
sensitive to cellular redox status [44, 45]. Thiol oxidation
of redox-sensitive cysteine residues increases the activity
of endoplasmic reticulum Ca2+ channels, increasing the
cytosolic calcium concentration [14]. Glutathione deple-
tion and ROS generation in macrophages may lower his-
tone deacetylase (HDAC) activity leading to increased
IL-8 expression thus enhancing inflammatory response [46].

Mitochondrial dysfunction

Mitochondria utilize approximately 98 % of oxygen con-
sumed in the body and generate ROS. Mitochondria produce
most of the cell energy in the form of ATP. Critical loss of ATP
generation below a threshold induces necrotic form of cell
injury. Mitochondria can also initiate apoptosis through re-
lease of mitochondrial cytochrome C into the cytoplasm.
Mitochondrial dysfunction is now increasingly recognized as
an important cellular event in the pathogenesis of AP (Fig. 3).
Excessive production of ROS, NO, and other compounds
causes direct damage to mitochondria leading to mitochondri-
al permeability transition pore (PTP) opening and loss of mi-
tochondrial membrane potential by proton pumping. This

results in release of mitochondrial contents into cytosol, ATP
depletion, and hence cellular injury [47]. Fatty acid ethyl es-
ters may cause mitochondrial dysfunction in the pancreatic
acinar cells in alcoholic pancreatitis. Mitochondrial ROS is
also a well-characterized trigger for inflammasome-
dependent activation of inflammatory pathway.

The ER-mitochondria membrane microdomains known
as mitochondrial-associated membrane (MAM) complex
(IP3R–GRP75–VDAC complex) have been described recent-
ly [48]. MAM mediates the transfer of Ca2+ from ER to mi-
tochondria required for constitutive mitochondrial function
like ATP generation, oxidative phosphorylation, and regulat-
ing apoptosis [49, 50]. Apical Ca2+ in a physiologic response
is absorbed by the mitochondrial buffering layer but in a path-
ologic response the mitochondrial buffer capacity fails to
overcome this excess Ca2+, leading to mitochondrial dysfunc-
tion and abnormal calcium propagation.

ER stress

ER stress can induce both cell death pathway and the inflam-
matory pathway of its own. ER stress is found to be an early
event. However, whether it is dependent or independent of
trypsinogen activation is not known. A study by Szmola and
Sahin-Toth [51] showed that accumulation of misfolded chy-
motrypsin (CTRC) in the ER led to ER stress in the acinar
cells and cell death by apoptosis. ER stress is now recognized
as an important event in alcohol-induced pancreatitis. The
unfolded protein response (UPR)/ER stress is thought to be
protective against ethanol-induced oxidative stress and pro-
vides resistance to ethanol-induced pancreatic damage [52].
Reducing ER stress using tauroursodeoxycholic acid, a chem-
ical chaperone, or by using genetic manipulation of GRP78
showed protective effect in AP [53, 54].

Inflammatory response in acute pancreatitis

NF-κB activation

Acinar cell functions as an inflammatory cell once the initiat-
ing process of AP has started. In 1998, Gukovsky et al. [55]
first reported activation of NF-κB in acinar cells during acute
pancreatitis. It has recently been shown in a knockout mouse
model lacking trypsinogen gene that absence of pathologic
trypsinogen activation did not affect intra-acinar NF-κB acti-
vation [10]. This suggests that NF-κB activation is an early
event independent of trypsinogen activation and may be suf-
ficient in inducing acute pancreatitis. However, it is not yet
clear if both these events are required for developing AP.

NF-κB activation has been implicated as a key inflamma-
tory pathway in the pathogenesis of acute pancreatitis [56, 57].
It involves degradation of inhibitory κB (IκB) through its

Fig. 3 Mitochondrial dysfunction can induce both necrotic and apoptotic
forms of cell death. Critical loss of ATP causes necrotic form of cell death
resulting in intense inflammation. Mitochondrial injury with release of
cytochrome c induces apoptosis which incites much less inflammation
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phosphorylation at the serine residua mediated by IκB kinase
(IKK) [58]. The degradation of IκB releases the nuclear trans-
location signals (NLS) of the NF-κB resulting in nuclear trans-
location of NF-κB dimer p50/p65 to the nucleus where it
binds to the DNA regulatory binding site and upregulates
pro-inflammatory cytokines genes. The intracellular signaling
pathways leading to NF-κB activation act via increased cyto-
solic Ca++ concentration and protein kinase C (PKC) activa-
tion [59, 60]. The strategies to decrease NF-κB activation
have resulted in attenuated severity of experimental acute pan-
creatitis. The inflammatory cascade is initiated in the acinar
cells by activation of NF-κB before the innate immune re-
sponse sets in. TNF-α has been shown to be secreted by the
acinar cells in caerulein model of acute pancreatitis [61].
Among the chemokines, rodent CXCL10 (human IL-8) and
CCL2 (humanMCP-1) were secreted by the acinar cells with-
in 60 min of hyperstimulation with caerulein [62].

Local inflammation: role of innate immune response

During the process of necrotic form of cell death, many self-
antigens are released from the dying cells which are known as
Bdamage-associated molecular pattern^ (DAMPs). The
DAMPs are recognized by the cells involved in innate immu-
nity through pattern recognition receptors (PRRs) present on
their surface. The PRRs are primarily meant to recognize what
are termed as Bpathogen-associated molecular patterns^
(PAMPs) present on the microbes but may also treat
DAMPs as foreign antigens and activate the innate immunity.
PRRs are of four major types: Toll-like receptors (TLRs),
nucleotide-binding oligomerization domain (NOD)-like re-
ceptors, retinoic acid-inducible gene 1-like receptors, and
C-type lectin receptors. The NOD-like receptors (NLR) act
in concert with cytoplasmic protein complexes called
inflammasomes. Molecules that act as DAMPs include high-
mobility group box protein 1 (HMGB1), DNA, ATP, heat
shock protein 70 (hsp70), etc. Following cell death, these
molecules are released into extracellular space and activate
PRRs. The inflammatory response thus induced is sterile
termed as Bsterile inflammation.^ A full sterile inflammatory
response requires at least two distinct signals to an inflamma-
tory cell such as macrophage (Fig. 4).

Signal 1 is through activation of surface receptor on im-
mune cells such as TLRs, e.g. TLR4 by HMGB1 and
TLR9 by dsDNA. Downstream signaling involves
NF-κB pathway to upregulate gene transcription for re-
lease of pro-inflammatory cytokines such as pro-IL-1 and
pro-IL-18. A meta-analysis of 12 studies showed that
there was a significant correlation between serum levels
of HMGB1 and severity of acute pancreatitis in humans
[63]. Interestingly, TLR-4 and TLR-9 are expressed on
pancreatic ductal cells and resident macrophages but not

on acinar cells suggesting that it is the immune cells
which are the producers of cytokines in response to
DAMPs.
Signal 2 is provided by DAMPs (e.g. ATP) signaling
through plasma membrane purinergic receptor (P2X7)
and cytosolic receptors of the Nod-like receptor family
(NLRP3) activating a cytosolic complex called
inflammasome. Activation of NLRP3 inflammasome
regulates proteolytic maturation of caspase 1, a cytosolic
cysteine protease which tightly regulates the conversion
of the inflammatory cytokines pro-IL-1β and pro-IL-18
to active IL-1 and IL-18. Inhibition of caspase-1 may
protect against tissue injury, e.g. acute renal failure in-
duced by endotoxin and acute lung injury in acute pan-
creatitis [64, 65].

Systemic inflammation: role of immune cells
and the inflammatory cytokines

Initial inflammatory response mediated by DAMPs stimulates
the immune cells to release 2 major cytokines: TNF-α and
IL-1. This initial response is not strong enough to cause major
clinical consequences on its own. However, this leads to acti-
vation of leukocytes and up-regulation of vascular adhesion
molecules resulting in infiltration by the activated leukocytes
into the pancreas.

Leukocytes and their role in inflammation

In experimental acute pancreatitis, neutrophils infiltrate
the pancreas within 3 h of initiation of AP [66]. The
neutrophil response is the first line of defense within
24 h in any inflammation. Chemokines such as CXCL8

Fig. 4 Damage-associated molecular pattern (DAMPs) released
particularly from the necrotic acinar cells activate certain specific
receptors known as pattern recognition receptors (PRRs) such as the
Toll-like receptors (TLRs) and the nucleotide-binding oligomerization
domain (NOD)-like receptor NLRP3 on the host innate immune cells to
release activated pro-inflammatory cytokines and induction of sterile
inflammation
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(IL-8 in humans) are secreted by the acinar cells, which
mediate neutrophil recruitment to the site of inflammation
[67]. Their presence is best demonstrated by measuring in
the pancreas the activity of enzymes myeloperoxidase
(MPO) and elastase, specific to neutrophils. Monocytes
also infiltrate the pancreas along with neutrophils and
usually take over neutrophils after 24 h. Monocytes se-
crete pro-inflammatory cytokines such as IL-1, IL-6, and
TNF-α. Lymphocytes, mediator of the adaptive immune
response, have also been shown to be involved in acute
pancreatitis and are found in the pancreas within 6 h of
caerulein-induced acute pancreatitis [68]. However, the
role of lymphocyte activation and its relation to the sever-
ity of AP in humans is still poorly understood [69].
Abnormal phagocytic leukocyte hyperstimulation due to
dysregulation in T and B lymphocyte activation is thought
to play an important role in severe AP.

The migration of leukocytes requires up-regulation of vas-
cular endothelial adhesion molecules and their interaction
with activated leukocytes. P-selectin and E-selectin are endo-
thelial receptors that bind to complementary adhesion mole-
cules on the leukocyte namely L-selectin and integrins [70].
Mac-1(CD11bCD18) and LFA-1(CD11aCD18) integrins act
as intercellular ligands for the endothelial adhesion molecules
facilitating leukocyte migration [71, 72]. Activated leukocytes
release their proteolytic enzymes and oxygen radicals, which
damage vascular endothelial cells and pancreatic parenchymal
cells. Blood levels of P-selectin and E-selectin were up-
regulated in experimental pancreatitis, and their levels corre-
lated with the severity of pancreatitis and lung injury, respec-
tively, in a human study [73]. Endothelial cell adhesion mol-
ecule ICAM-1 has also been well studied in experimental
acute pancreatitis [74].

Inflammatory mediators in AP

Inflammatory cytokines (IL-1, IL-6, TNF-α) are considered to
play a central role in the progression of acute pancreatitis [75,
76]. These are produced predominantly by activated macro-
phages, lymphocytes, and fibroblasts. TNF-α and IL-1β are
the first-order cytokines, which augment the inflammatory
response by activating macrophages and regulate the release
of other inflammatory mediators (IL-6, IL-8, MIF, etc.).

IL-1: This cytokine is produced by activated macro-
phages as a proprotein, which is converted to its active
form by caspase-1. This cytokine is involved in a variety
of cellular activities, including cell proliferation, differen-
tiation, and apoptosis; hence, it is an important mediator
of the inflammatory response.
TNF-α: It is a pro-inflammatory cytokine that is released
as early as 30 min after the induction of AP in animal

models of AP. It can cause up-regulation of other cyto-
kines, synthesis of free radical species, cell death, and
endothelial activation.
IL-6: IL-6 levels rise subsequent to TNF-α and IL-1 release.
IL-6 activates B and T lymphocytes and the coagulation
system. It leads to a sepsis-like state characterized by fever,
leukocytosis, and the release of acute phase proteins such as
C-reactive protein, complement components, and ferritin. In
a prospective study including 108 patients, severe AP was
associated with overexpression of pro-inflammatory cyto-
kines and IL-6 was one of the best discriminators between
mild and severe acute pancreatitis [77]. Another study
showed that blood levels of IL-6 correlated with organ fail-
ure and mortality. At a cutoff value of 122 pg/mL on day 3,
IL-6 predicted organ failure and severe pancreatitis with a
sensitivity and specificity of 81.8 % and 77.7 %, respective-
ly [78]. A recent study by Zhang et al. [79] used a mouse
model of acute pancreatitis-associated acute lung injury
(ALI) to determine the role of IL-6 in ALI. This study dem-
onstrated the role of IL-6 trans-signaling-dependent STAT3/
CXCL1 pathway as central to severe AP-associated lethal
ALI. Inflammation-associated NF-κB induced myeloid cell
secretion of IL-6, the effects of which were mediated by
complexation with soluble IL-6 receptor, a process known
as trans-signaling. IL-6 trans-signaling stimulated phosphor-
ylation of STAT3 and production of the neutrophil attractant
CXCL1 in pancreatic acinar cells which mediated granulo-
cyte infiltration into the lung hence promoting ALI.
Examination of human samples revealed expression of
IL-6 in combination with soluble IL-6 receptor as a reliable
predictor of ALI in severe AP suggesting that IL-6 was not
merely a marker, but a relevant pathophysiological mediator
in the disease and that therapeutic inhibition of IL-6 might
prevent severe AP-associated ALI.
Compensatory anti-inflammatory response syndrome:
With the release of pro-inflammatory mediators, anti-
inflammatory cytokines are concomitantly produced
leading to a compensatory anti-inflammatory response
syndrome (CARS). High circulating concentrations of
the anti-inflammatory mediators such as soluble TNF re-
ceptors (sTNFR), IL-10, IL-11, and IL-1ra have been
documented in AP.

The summary of key inflammatory mediators involved in
AP is given in Table 1.

Multi-organ dysfunction syndrome (MODS) in AP

The clinical correlates of systemic inflammation are systemic
inflammatory response syndrome (SIRS) and organ dysfunction.
SIRS is a clinical manifestation of intense systemic inflammation
due to release of cytokines and inflammatory mediators. The end
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result of the severe systemic inflammation is organ dysfunction.
Immune and inflammatory reactions are protective in nature and
intend to contain infection in case of an invading pathogen.
However, an out of proportion or dysregulated immune response
may culminate into MODS. The mechanism of organ dysfunc-
tion in AP has not been well studied. Organ failure that develops
early within a few days of onset of AP (early severe acute pan-
creatitis) is mainly due to sterile inflammation and carries a high
mortality. Organ failure can also develop late during the course of
the disease due to septic complications secondary to infected
pancreatic necrosis. The early and late organ failures have differ-
ent pathophysiological mechanisms (Fig. 5).

The mechanism of organ dysfunction, however, is not en-
tirely clear. The key perturbations in causing organ dysfunction
are (i) microcirculatory abnormalities leading to vasodilation,
capillary leakage, and edema; (ii) coagulation abnormality
causing tissue hypoxia and arterial hypotension; and (iii) in-
flammation and mitochondrial injury leading to cellular injury
and tissue damage. In addition, bacterial translocation leading
to infected necrosis and sepsis may lead to organ failure like in
any other septic condition. A role of adipose tissue and the
adipo-cytokines has also been suggested in organ failure.

Circulatory disturbances

Both pancreatic microcirculation and systemic circulation are
affected in acute pancreatitis [98]. The mechanisms for the
circulatory disturbances are multi-factorial:

1 . Leukocy t e adhe s ion , p l a t e l e t agg r ega t i on ,
hemoconcentration, and vasoconstriction lead to reduced
pancreatic blood flow, pancreatic ischemia, and increased
capillary permeability [99]. Increased vascular perme-
ability is an important consequence of acute pancreatitis
that results in pancreatic edema and exacerbates systemic
hemodynamic disturbances leading to pleural effusion
and ascites [100].

2. Endothelial cell dysfunction in acute pancreatitis as
a result of hemodynamic changes also contributes to
loss of barrier function, capillary leak, edema, and
sequestration of activated immune cells to the site of
inflammation.

3. Another contributory event to the circulatory changes is
suppressed myocardial contractility by high levels of in-
flammatory mediators including NO [101].

The end result of these microcirculatory changes is defec-
tive tissue oxygenation resulting in circulatory failure and re-
nal dysfunction.

Coagulation abnormalities

Coagulation abnormalities in AP are probably a result of
systemic inflammatory processes that stimulate the coagula-
tion pathway [102]. Coagulation is primarily activated as a
protective response to prevent outflow of blood from the
injured areas to prevent spread of toxins, bacteria, and
DAMPs [103]. But exaggerated coagulation may contribute
to tissue ischemia and injury. Raised D-dimer level on ad-
mission has been shown to predict development of organ
failure with a sensitivity, specificity, positive, and negative
predictive values of 90 %, 89 %, 75 %, and 96 %, respec-
tively [104]. Both antithrombin III and heparin have been
shown to reduce the severity of acute pancreatitis in animal
models [105, 106].

Inflammation and mitochondrial injury

Neutrophil activation results in an oxidative burst and gener-
ation of reactive oxygen species. Increased oxidative stress

Fig. 5 Mechanisms of organ failure during early and late phases of acute
pancreatitis due to sterile inflammation and sepsis, respectively

Table 1 Summary of key
inflammatory mediators in acute
pancreatitis [80, 81]

Pro-inflammatory cytokines Tumor necrosis factor α (TNF-α) [82], interleukins
(IL-1β [83], IL-6 [84], IL-17 [85], and IL-18 [86]),
macrophage migratory inhibitor factor (MIF) [87]

Chemokines Neutrophils: IL-8 [88], growth-related oncogene-α (GRO-α) [89]

Monocytes: monocyte chemoattractant protein-1 (MCP-1) [90],
macrophage inflammatory protein-1 α (MIP 1 α)/RANTES [91]

Other inflammatory mediators Platelet-activating factor (PAF) [92], substance P [93],
hydrogen sulfide (H2S) [94], and nendopeptidase (NEP) [95]

Anti-inflammatory mediators Soluble TNF receptors (sTNFR), IL-10, IL-11, IL-1ra [96]

Complement component C5a [97]
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Fig. 6 Schematic representation of the pathophysiologic events in the
evolution of acute pancreatitis: Intra-acinar trypsinogen and NF-κB acti-
vation act as independent and parallel events during early acute

pancreatitis leading to acinar cell injury and local inflammation. Role of
immune cell activation, intestine, and adipose tissue as drivers of systemic
inflammation and organ failure in acute pancreatitis
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may cause increased mitochondrial permeability and de-
creased ATP generation.Mitochondria release DAMPs, which
can activate neutrophils and cause further tissue injury. Such
marked reduction in cellular activity due to mitochondrial in-
jury may translate into organ dysfunction. Recovery of organs
within days to weeks after controlling the infection or resolu-
tion of acute pancreatitis suggests that it is the cellular inac-
tivity rather than cell death as the main driver of organ
dysfunction.

Bacterial translocation and secondary infection

Profound vascular and coagulation changes lead to ischemia of
the bowel followed by reperfusion [107, 108]. Themajor effect
of such perturbations is gut barrier dysfunction with increased
intestinal permeability [109]. A meta-analysis of 18 studies
showed a pooled prevalence of gut barrier dysfunction in
59 % of patients with AP [110]. The consequence of increased
intestinal permeability is translocation of bacteria across the
gut wall into the necrotic areas and fluid collections, which
are susceptible to superinfection by microorganisms [111]. It
has been recently shown that it is the small intestine rather than
colon that is the source of bacterial transmigration [112]. The
common organisms causing infected pancreatic necrosis are
Escherichia coli, Pseudomonas, and Klebsiella [113].

Another reason for infection is a state of relative immuno-
suppression due to compensatory anti-inflammatory response
syndrome (CARS) that also makes the patient susceptible to
secondary infection.

Compensatory anti-inflammatory response
syndrome and immunosuppression

While the pro-inflammatory response is beneficial to a
certain extent, an out of proportion inflammation may
cause deleterious systemic effects. In order to balance in-
flammation, a compensatory response is initiated known as
CARS [114]. If the anti-inflammatory response is ade-
quate, the patient recovers but at times a profound anti-
inflammatory response develops that inhibits the immune
response excessively rendering the patient susceptible to
immunosuppression and infectious complications. The in-
fectious complications as a result of impaired cellular im-
munity may occur in the later stage of the disease [115].
In immunosuppression, there is functional defect in mono-
cytes characterized by reduced human leukocyte antigen
(HLA)-DR expression and a diminished synthesis of pro-
inflammatory cytokines, apoptosis of T and B cells, and
downregulation of pro-inflammatory gene transcription
[116]. Loss of monocyte HLA-DR expression predicts de-
velopment of organ failure [117], development of second-
ary infections, and adverse outcome in AP [118].

Infection of the pancreatic necrotic tissue usually occurs
after the first week of illness and results in secondary escala-
tion of the local and systemic inflammation with release of
cytokines and chemokines thus aggravating the process set in
motion by the underlying pancreatitis pathology. Infected pan-
creatic necrosis carries a high mortality of up to 40 % [119].
The extent and infection of the pancreatic necrosis correlate
with organ failure and mortality. Clinical efforts to prevent the
development of pancreatic infection with the use of prophy-
lactic antibiotics have largely failed [120]. Enteral nutrition
has been found to be associated with a reduced risk of pancre-
atic infection by preventing increase in intestinal permeability
[121]. Maintenance of the levels of intestinal alkaline phos-
phatase might be the likely mechanism by which early enteral
nutrition preserves the intestinal integrity [122].

Role of adipose tissue in MODS

The adipose tissue itself acts an endocrine organ and releases
many pro-inflammatory cytokines like IL-6, IL-1β, and
TNF-α and adipokines like adiponectin and leptin. This might
be the reason why obesity has been found to be associated
with an enhanced inflammatory response and worse prognosis
of AP [123]. Visceral fat is considered to be the major culprit
[124]. Resistin and visfatin are hormones produced by neutro-
phils, macrophages, etc. that act on adipose tissue. In addition,
lipolysis of fat by activated pancreatic enzymes in the peri-
pancreatic fat tissue releases unsaturated fatty acids and other
lipids that act as pro-inflammatory mediators and has been
recently reported as an independent predictor of worse out-
come in acute pancreatitis [125]. In experimental AP in obese
mice, obesity converted mild AP to severe AP with increased
levels of cytokines, unsaturated fatty acids (UFAs), and mul-
tisystem organ failure. Increased pancreatic lipase activity was
seen in visceral fat necrosis of obese mice. Lipase inhibition
reduced fat necrosis, UFAs, organ failure, and mortality but
not the induction of AP [126]. Recent data have shown that
UFAs due to lipolysis play an important role in the pathogen-
esis of systemic injury in AP.

Future direction for research: Despite recent advances in
the field of molecular biology and immunogenetics, the un-
derstanding of the pathophysiology of AP is still far from
satisfactory. The severity of pancreatitis is model specific in
experimental acute pancreatitis, and the injury is predictable
and measurable. But this is not the case in humans in whom
the cellular injury may vary and the inflammatory responses
are unpredictable. The clinical spectrum of acute pancreatitis
varies from mild to severe to even life-threatening fulminant
disease. The reason why some patients develop severe or ful-
minant disease whereas the majority of patients have mild
disease is unknown. Preliminary data suggest that genetic
polymorphisms of certain pro-inflammatory genes such as
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TNF-α, HSP, and MCP-1 genes may confer additional risk of
developing severe pancreatitis [127, 128]. But more work
needs to be done in this regard.

Another important dimension is the need for developing
specific therapy for acute pancreatitis. In experimental
models, a variety of agents have been shown to reduce the
severity of acute pancreatitis when used prophylactically.
However, such experimental therapies failed to deliver in a
clinical setting [129, 130]. The reasons for such a failure are
(i) blockage of one pathological process or cytokine is proba-
bly not enough because of the redundancy, i.e. multiple path-
ways being involved in the pathophysiology of AP, and (ii) it
is not possible to give these agents prophylactically in humans
and by the time a patients presents with acute pancreatitis, it
may be too late to reverse the pathophysiologic perturbations.

Summary

The sequence of events in the pathophysiology of acute
pancreatitis can be divided into three major phases—(i)
initiation phase, (ii) perpetuation phase, and (iii) second-
ary escalation phase (Fig. 6). The initiation phase in-
cludes the intra-acinar events that leads to cellular inju-
ry and start of local inflammation within the pancreas
primarily through NF-κB. The perpetuating phase in-
volves the progression of initial inflammatory response
into systemic inflammation, which involves recruitment
of immune cells mainly leukocytes and release of vari-
ous inflammatory cytokines and chemokines. An out of
proportion or dysregulated immune response may result
in early onset organ failure with a high mortality. The
other important events in this phase are microcirculatory
and coagulation disturbances that also contribute to se-
verity of AP and organ dysfunction. In the secondary
escalation phase, superadded infection of the necrotic
pancreatic/peri-pancreatic tissue/fluid collections leads
to further worsening of the pre-existing local and sys-
temic inflammation. Organ failure may also develop late
during the course of the disease due to septic compli-
cations. There are three major drivers of systemic in-
flammation in acute pancreatitis: pancreas itself, intes-
tine, and adipose tissue. While the injury starts in the
pancreas, intestine and adipose tissue get affected as
bystanders and contribute significantly to systemic
injury.

A great deal of advances has taken place in our understand-
ing of the pathophysiology of acute pancreatitis and systemic
inflammation leading to SIRS and organ dysfunction but still a
lot more needs to be understood. There is a need to decipher
precise molecular mechanisms from the acinar cell to distant
tissue injury in order to develop targeted therapies and make a
real dent on the outcome of clinical acute pancreatitis.
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