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Chronic pancreatitis predisposes to pancreatic cancer development and both diseases share a common
etiology. A central role has been proposed for the digestive enzyme-secreting acinar cell that can undergo
ductal metaplasia in the inflammatory environment of pancreatitis. This metaplastic change is now a
recognised precursor of pancreatic cancer. Inflammatory molecules also foster tumour growth through
autocrine and paracrine effects in the epithelium and the stroma.

These insights have raised new opportunities such as the manipulation of inflammation as a preventive

and/or therapeutic strategy for pancreatic cancer. Finally, we address the need for an in-depth study of

the pancreatic acinar cells.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Pancreatitis and pancreatic cancer - diseases of the exocrine
pancreas

Pancreatitis, in its acute and chronic forms, and pancreatic can-
cer are the main diseases affecting the exocrine pancreas. The exo-
crine compartment constitutes the majority of pancreatic tissue, in
which the endocrine islets are embedded. The exocrine acinar cells
have a secretory function producing hydrolytic digestive enzymes
for intestinal digestion, while the exocrine ducts secrete mucins
and fluids and form a branched network that guides the pancreatic
juice to the intestine [1].

Chronic pancreatitis incidence in industrialised countries
ranges from 3.5 to 10 per 100,000 population [2]. It is a progressive
inflammatory disorder and is believed to arise from repeated overt
or silent episodes of acute pancreatitis, where deregulated secre-
tion and premature activation of acinar enzymes results in increas-
ing residual damage to the pancreas. The damage to both the
exocrine and the endocrine compartments of the pancreas eventu-
ally results in severe maldigestion and diabetes. The histopatho-
logic features of this disease include acinar atrophy, fibrosis, fatty
replacement, chronic inflammation and abnormal ducts [2,3]. In
the majority of patients, the disease results from a combination
of genetic and environmental factors, with alcohol consumption
being the best-defined risk factor [3].
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Pancreatic Ductal Adenocarcinoma (PDAC) is the most common
neoplasm of the pancreas, accounting for more than 85% of pancre-
atic tumour cases [4]. Despite the relatively low incidence of about
6-12 per 100,000 per year in western countries [5], PDAC is the
fourth cause of cancer related deaths in the United States [6] and
the fifth in Europe [7]. The astonishing mortality, a median survival
of <6 months and a 5-year survival rate of <5% [4], is attributed to
late diagnosis and ineffective therapy. The heterogeneity amongst
PDAC may be the cause of failure of most drugs in clinical trials
that comprised biologically unselected cases [8].

Pancreatitis has been shown to be a risk factor for pancreatic
cancer [9,10]. A recent meta-analysis including 22 studies found
an increased relative risk of developing pancreatic cancer of 5.1
in patients with unspecified pancreatitis, 13.3 in patients with
chronic pancreatitis and 69 for hereditary pancreatitis [11]. De-
spite the increased risk, only around 5% of patients diagnosed with
chronic pancreatitis will develop carcinoma over a period of
20 years [11]. Hereditary pancreatitis has been associated with
mutations in several genes including PRSS1, PRSS2, SPINK1, and
CTRC. These individuals have a cumulative risk of developing pan-
creatic cancer of 40-55% [12].

2. Insights into pancreatitis to rewrite the history of PDAC

Chronic pancreatitis and PDAC were historically regarded as
unrelated diseases as they were thought to arise from different
cells in the pancreas, acinar and ductal cells, respectively. Based
on recent work using mouse models, a common origin in acinar
cells has been proposed, as discussed below.
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The progression model where PDAC was thought to develop
from cells in the ducts was based on the study of non-invasive le-
sions named Pancreatic Intraepithelial Neoplasias (PanINs) [13,14].
These are microscopic lesions that can be papillary or flat, and
composed of columnar to cuboidal ductal cells with varying
amounts of mucin. Depending on the degree of cytological and
architectural atypia they are subclassified into PanIN-1, PanIN-2,
and PanIN-3 lesions. PanINs are often found in the pancreatic
parenchyma adjacent to infiltrating adenocarcinomas, and several
case reports have documented patients with PanINs who later
developed pancreatic cancer [14]. PanINs harbour many of the ge-
netic alterations that are found in invasive pancreatic cancer, i.e.
KRAS mutations and loss of p16/INK4A/CDKN2A, TP53 and SMAD4/
DPC4 [13,14]. KRAS mutations are thought to be the earliest genetic
events, with progressive increase in PanIN-1A, PanIN-1B, and Pa-
nIN-2/3 lesions [14] and found in more than 90% of cancer cases
[15].

The duct cell of origin in this PanIN-PDAC progression model
has been questioned because mouse lineage tracing experiments
lacked evidence that oncogenic Kras activation in pancreatic ductal
cells could lead to PDAC development [16,17]. The model is how-
ever compatible with the concept of acinar to ductal metaplasia
preceding the generation of the small ducts.

Acinar to ductal metaplasia has been well documented in
experimental rodent models of pancreatitis [18]. The most
widely used model involves treatment with the cholecystokinin
agonist caerulein, which induces local oxidative stress, inflamma-
tion, edema and loss of the acinar parenchyma that is transiently
replaced by a duct-like epithelium, reminiscent of human pan-
creatitis [19,20]. Lineage tracing experiments have shown that
the intermediate ductal metaplastic epithelium can arise from
acinar cells [19-21]. Our work further documented that upon
stress, such as the one present in pancreatitis, acinar cells can
dedifferentiate and acquire features of pancreatic progenitor
duct-like cells, expressing the transcription factors Pdx1, Ptfla,
Hes1, Hnflb and Sox9 [22]. The dedifferentiated acinar cells un-
dergo growth arrest through activation of a p53-dependent
senescence program [22,23], which constitutes a barrier to
malignant transformation.

The concept of an acinar cell origin for PDAC is not new, in the
early nineties, Sandgren et al. showed that transgenic mice in
which c-myc is targeted to acinar cells in the embryo, develop
mixed acinar and ductal pancreatic adenocarcinomas [24]. In an-
other model from the same group, transgenic expression of TGF-
o in acinar cells led to the development of acinar to ductal meta-
plasia and PDAC [25].

Several more recent mouse models supported the notion that
activation of oncogenic Kras specifically in acinar cells during
embryonic development induces the formation of PanINs and
the development of invasive ductal carcinoma [26-28]. Adult aci-
nar cells are more refractory to Kras-driven neoplastic transfor-
mation [26,27,29] but chronic pancreatitis induced by caerulein
treatment renders the cells susceptible to transformation by
oncogenic Kras and leads to the development of the full spectrum
of PanINs and PDAC [26,28]. Even repeated episodes of asymp-
tomatic pancreatitis triggers acinar cell-derived PDAC develop-
ment [30]. Another group demonstrated that elevated Kras
activity is sufficient to cause both chronic pancreatitis and PDAC
[31].

In conclusion, pancreatic cancer can originate from acinar cells
through acinar to ductal metaplasia and results from the combina-
tion of both genetic events (activation of oncogenic Kras and loss of
tumour suppressor barriers) and extrinsic factors that produce tis-
sue injury, such as the oxidative stress and the associated inflam-
matory damage observed during pancreatitis (Fig. 1).

3. A central role for inflammation in pancreatitis and PDAC

Oxidative stress and the generation of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) play a key role in the
pathophysiology of acute and chronic pancreatitis and perpetuate
acinar cell necrosis and fibrosis, as supported by clinical findings
and several experimental models (comprehensively reviewed by
Leung and Chan) [32].

ROS/RNS contribute to the pathophysiology of pancreatitis by
modification of critical substrates, e.g. nucleic acids, lipid and pro-
teins, that results in DNA fragmentation, membrane disintegration
and protein misfolding, as respective examples. This is also a way
of activating the immune system. The immune cells and other stro-
mal components, such as endothelial cells and pancreatic stellate
cells, produce inflammatory cytokines and chemokines that, to-
gether with ROS/RNS, cause epithelial cell damage and increased
proliferation. Inflammatory mediators, such as Cyclooxygenase-2
(Cox2), NF-xB and STAT3, play key roles herein. In turn, inflamma-
tion can generate sustained and exacerbated secondary oxidative
injury and, as such, mediate the further promotion of inflammatory
infiltration and acinar cell injury [32,33].

Various studies using genetically engineered mouse models
show that genes involved in oxidative stress and inflammatory
pathways have a role in pancreatic cancer development, particu-
larly in a Kras mutant context, as summarized in Table 1.

Inactivation of TP53INP1, a protein that controls oxidative sta-
tus, accelerates pancreatic cancer development in a Kras mutant
background [34], whereas KRas and other oncogenes induce en-
hanced ROS detoxification through Nrf2 activation, which leads
to enhanced tumourigenesis [35].

Overexpression of the inflammatory cytokine IL-1p in the pan-
creas, under the acinar elastase promoter, induces the develop-
ment of chronic pancreatitis and acinar to ductal metaplasia but
no neoplastic lesions or tumours [36]. Cox2 is activated by inflam-
matory cytokines and its expression is upregulated in pancreatitis
and pancreatic cancer [33]. Interestingly, transgenic overexpres-
sion of Cox2 in the pancreas induces chronic pancreatitis and the
formation of pre-invasive ductal neoplasms [37,38].

In a Kras mutant background, inflammation overcomes barriers
that prevent tumour development. One of the well-defined tumour
suppressive barriers inhibited by pancreatitis is senescence
[22,30,39]. Recent studies from Logsdon’s group provided more in-
sights into the inflammatory mechanisms in Kras mutant versus
normal backgrounds [31,40]. They have shown that mild inflam-
matory stimuli in the pancreas can cause an increase in Ras activ-
ity, which is only transient in wild type animals. These same
inflammatory stimuli in animals bearing a Kras oncogenic muta-
tion trigger an NF-xkB mediated positive feedback mechanism,
involving Cox2, that amplifies Ras activity to pathological levels
[40]. This causes the development of chronic inflammation and
preneoplastic lesions. Indeed, oncogenic Kras itself has also been
shown to induce the constitutive activation of Ikk2/NF-xB signal-
ling through a feed forward loop of IL-1a and p62, and this is re-
quired for the development of PDAC [41]. Another study showed
that in a Kras mutant context, TNF-o-induced activation of the
NF-xB pathway in pre-malignant epithelial cells enhances Notch
signalling, in an Ikk2-dependent manner. The interplay between
Ikk2 and Notch creates a feed forward loop that retains the trans-
formed cells in an inflammatory state [42]. Despite this evidence in
tumour development, the role of NF-kB in pancreatitis is still con-
troversial with studies showing that activation of the pathway in
animal models can lead to both aggravation [43] and amelioration
of pancreatitis [44], a paradox that can be explained by the fact
that acinar cell NF-kB activation can trigger both pro- and anti-
inflammatory pathways [45].
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Fig. 1. Acinar to ductal metaplasia in chronic pancreatitis is a recognised precursor of pancreatic ductal adenocarcinoma. Oxidative stress and inflammatory signals
contribute to the development of pancreatitis and cooperate with oncogenic Ras signalling and loss of tumour suppressor barriers in the subsequent progression to pancreatic
intraepithelial neoplasias (PanINs) and, ultimately, to invasive ductal adenocarcinoma.

Table 1

List of genetically engineered mice (GEM) that model the role of inflammatory genes/pathways in the development of pancreatitis, pancreatic intraepithelial neoplasias (PanINs)

and pancreatic cancer.

GEM Model

Gene/Pathway affected

Phenotype

Reference

Ela-IL-1BTe

Krt5-Cox2Ts

Ela-CreERT; Cox2Ts

Ela-CreERT; p65Tg

Ela-CreERT; [KK2Tg

Ptfla-Creext; [kBoFI/Fl

Ptfla-Cre; KrasG12D; Nrf2-/-

Pdx1-Cre; Kras612D;
TP53INP1-/-

Ela-CreERT; KrasG12D; Cox2Te

Pdx1-Cre; KrasG12D; [KK2FI/FI

Ela-CreERT; KrasG12D; [KK2FI/Fl

Ela-CreERT; KrasG12b; [KK2Ts

Ptfla-Cre; KrasG12D; Stat3FI/Fl

Ptfla-Creext KrasG12D;
Stat3Fl/F!

Ptfla-Creex! KrasG12D;
Socs3FI/Fl

Ptfla-Creex! KrasG12D;
sgp130Te

Ptf1a-Creex! KrasG12D; [L6-/-

IL-1p overexpression

Cox2 overexpression

Cox2 overexpression

NFkB pathway activation

NFkB pathway activation

NFkB pathway activation

Oncogenic Ras + oxidative
status deregulation

Oncogenic Ras +oxidative
status deregulation

Oncogenic Ras + Cox2
overexpression
Oncogenic Ras + NFkB

pathway inhibition

Oncogenic Ras + NFkB
pathway inhibition

Oncogenic Ras + NFkB
pathway activation

Oncogenic Ras +Stat3
inhibition
Oncogenic Ras + Stat3
inhibition

Oncogenic Ras + Stat3
activation

Oncogenic Ras + IL-6
transsignalling inhibition

Oncogenic Ras + IL-6 loss

Chronic pancreatitis, no neoplastic
lesions

Chronic pancreatitis and ductal
neoplastic lesions

Chronic inflammation and ductal
cysts

Aggravation of chemical-induced
pancreatitis

Spontaneous pancreatitis

Amelioration of chemical-induced
pancreatitis

Decreased PanIN formation and
proliferation

Accelerated PanIN formation,
intraductal papillary mucinous
neoplasms

Rapid development of chronic
inflammation and PanINs

Impaired PanIN progression and
decreased PDAC development

Reduction of fibrosis, inflammation
and PanlINs after caerulein
treatment

Increased fibrosis and rapid
development of PanINs

Decreased PanIN formation,
decreased fibrosis and ductal
lesions after caerulein treatment

Impaired PanIN progression and
decreased PDAC development

Accelerated PanIN progression and
increased PDAC development

Impaired PanIN formation and
progression

Impaired PanIN formation and
progression

Marrache et al.,, 2008

Muller-Decker et al., 2006
Colby et al., 2008

Daniluk et al., 2012

Huangetal, 2013

Huangetal, 2013

Neuhofer et al., 2013

DeNicola et al,, 2011

Al Saati et al., 2013

Daniluk et al., 2012

Maniati et al.,, 2011
Ling et al., 2012

Daniluk et al., 2012

Daniluk et al,, 2012

Fukuda etal, 2011

Lesinaetal, 2011

Lesinaetal, 2011

Lesinaetal, 2011

Lesina etal.,, 2011

Apart from NF-kB, STAT3 activation has also been shown to be
essential for initiation and progression of pancreatic cancer
[46,47]. STAT3 contributes to cancer initiation by promoting the
dedifferentiation of the acinar cells upon pancreatitis, which con-
sequently become more vulnerable to Kras-mediated transforma-
tion [46]. While Lesina et al. [47] suggested that Kras¢!?P

-expressing epithelial cells recruit immune cells, particularly mye-
loid cells, which produce IL-6 and soluble IL-6R and activate STAT3
in epithelial cells in a paracrine manner, Fukuda et al. [46] sug-
gested that Kras activation drives epithelial cell expression of
IL-6 and IL-11, which activate STAT3 in an autocrine fashion. The
latter is noteworthy as it indicates that intrinsic factors of
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inflammatory nature in the epithelium can contribute to the cellu-
lar changes. Accordingly, the loss of acinar differentiation has been
neatly described in in vitro assays of primary rodent and human
acinar cells in the absence of inflammatory cells [22,48-50]. Micro-
array expression analysis of these cultures revealed intrinsic
changes in gene expression of typical inflammatory molecules
and pathways, including NF-xB pathway genes [22]. With respect
to tumours, more studies suggest that inflammatory cues can also
come from the epithelium and exert paracrine effects on stromal
components. GM-CSF is one of the inflammatory cues from the tu-
mour cells that modulate the environment [51]. Chemokine pro-
duction by the tumour epithelium also promotes CTGF secretion
from the stromal cells [52]. Moreover, loss of mutant Kras in the
tumour epithelium results in involution of the stroma and its
inflammatory component with decreases in Cox2, IL-6, STAT3
and MMP7 [53].

In summary, the stroma and its immune cells are essential to
overcome senescence barriers and support tumour development.
The epithelial cells themselves, in a context of oxidative stress, also
initiate the production of inflammatory molecules, both at tumour
precursor stages and in established tumours.

4. Anti-inflammatory agents - promising chemoprevention or
treatment for pancreatic cancer?

The established link between oxidative stress, inflammatory
pathways and cancer development suggests a potential prophylac-
tic and/or therapeutic use of antioxidants and anti-inflammatory
agents for pancreatitis and pancreatic cancer.

Despite several studies showing clinical benefit from antioxi-
dant therapy in pancreatitis, this area of research is still largely
controversial [32]. Data relating antioxidant intake and pancreatic
cancer risk are inconsistent, with most studies reporting null asso-
ciations [54]. Nevertheless, a recent prospective cohort study
showed that participants with high dietary intake of vitamins C
and E and selenium had a decreased risk of developing pancreatic
cancer [55]. Another study supported that the best chance for
reducing the risk for pancreatic cancer comes from dietary sele-
nium intake [54].

Numerous non-steroidal anti-inflammatory drugs (NSAIDs)
have shown an effect in prevention and/or treatment of pancreatic
cancer in experimental studies using both cell lines and animal
models [56,57]. This includes Cox2 specific inhibitors such as cele-
coxib [58,59], apricoxib [60] or NS-398 [40], as well as non-specific
NSAIDs such as aspirin [61,62], nimesulide [63] or sulindac [30].
Other agents, e.g. curcumin (a naturally occurring anti-inflamma-
tory present in turmeric) have also been shown to have an effect
in pancreatic cancer prevention/treatment by supressing inflam-
matory pathways [56,57].

Epidemiological studies evaluating the association between
NSAIDs and pancreatic cancer have been inconsistent, with data
supporting aspirin use being associated with both a lower [64]
and an increased [65] risk of pancreatic cancer. A more recent
study analysed data from several randomised trials of daily aspirin
versus no aspirin and found that aspirin significantly reduced
deaths due to pancreatic cancer after 5 years of follow up (HR:
0.25) [66]. Accordingly, recent case-control studies suggest a
reduction in risk of pancreatic cancer for long-term users of NSAIDs
[67,68].

Regarding treatment for pancreatic cancer, there are several re-
ported early phase trials that support the feasibility of Cox2 inhib-
itors therapeutic use [69]. The first randomised trial to report
results from this approach was the Apricot-P study. This was a ran-
domised phase II study of chemotherapy with gemcitabine and erl-
otinib with or without the Cox2 inhibitor apricoxib. Although it did

not reach its endpoint, it showed a trend towards benefit with the
anti-inflammatory but at the cost of increased incidence of gastro-
intestinal haemorrhage [70]. Similarly, phase I/II trials of curcumin
combined with gemcitabine have been reported that demonstrate
feasibility and tolerance [71] but efficacy has not yet been tested in
a randomised fashion.

There are currently 11 ongoing clinical trials registered with
clinicaltrials.gov that are testing the addition of anti-inflammato-
ries to chemotherapy for pancreas cancer, most in a palliative set-
ting, but also as an adjunct to surgery and adjuvant chemotherapy
[69]. Regarding antioxidant agents, there are 8 actively recruiting
trials registered that examine the addition of Vitamin C to treat-
ment for pancreas cancer. Currently, there is no evidence that it
improves treatment efficacy but Phase 2 trials are ongoing [69].

Results from these clinical studies will be essential to inform
the potential of anti-inflammatory drugs and antioxidants as valu-
able chemopreventive and/or therapeutic agents for pancreatic
cancer.

5. ‘Science never solves a problem without creating ten more’

(quoted from George Bernard Shaw)

Only a fraction of PDAC patients have a history of chronic pan-
creatitis. The question arises as to whether the mouse models that
recapitulate pancreatic tumour formation based on pancreatitis are
representative of this subpopulation of PDAC cases or, can be used
as a generalised model for PDAC, assuming that all patients had a
pancreatitis like stress/inflammatory component at disease onset.
From the mouse models we have learned that asymptomatic bouts
of pancreatitis may be enough to trigger tumour development and
that it may merely be to the inflammation and loss of cell differen-
tiation associated with pancreatitis that is the trigger. We would
suggest that the population of PDAC patients whose disease is
linked with (subtle) pancreatitis/inflammatory insults to the
pancreas could be largely underestimated because many are
asymptomatic.

There may also be other inflammatory conditions that predis-
pose one to pancreatic tumour development and one such (yet
unexplored) example is diabetes. Both type 1 and type 2 diabetes
are conditions that have been intimately linked with inflammation
(either as the cause or the consequence of destruction or impair-
ment of the insulin secreting cells) [72,73] and with changes in
pancreatic cell differentiation [28,74,75]. Evidence has been accu-
mulating for an increased risk for pancreatic cancer in subjects
with longstanding (>5 years) diabetes [76,77]. It was even sug-
gested that insulin-producing cells under inflammatory conditions
can generate PDAC [28]. Mouse models to study the link between
inflammation, diabetes and pancreatic neoplasia would help to
understand these associations.

Given that the evidence from lineage tracing models is stron-
gest for acinar cells to be the link between pancreatitis, inflamma-
tion and PDAC, this begs a more detailed study of this particular
cell population. It is generally assumed the acinar cell population
is homogeneous in cellular differentiation and function. However,
reports on acinar cell heterogeneity date back to 1975 where dis-
tinctions were found between peri-insular and tele-insular acini
in terms of content and composition of the secreted digestive en-
zymes [78]. Over time, researchers have also noted differences in
the size of the cells [79], in the ploidy (with about 50% binuclear
acinar cells in normal mouse pancreas) [80,81] and in blood group
antigens and lectin specific binding [48,82]. Furthermore, in more
recent studies, evidence was found that some of the crucial pro-
teins that orchestrate cell fate decisions in the pancreas are heter-
ogeneously expressed among acinar cells: small subpopulations of
acinar cells express low levels of Pdx1 [59,83], Sox9 [22,84] and
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Bmi1l [85], where the majority are negative. Even the expression of
Ptf1a, the master transcriptional regulator of acinar cell differenti-
ation, seems to be heterogeneous in the acinar cell population
(own observations, [22,83,86]) and different subpopulations of aci-
nar cells could possibly be discerned if examined carefully. The
existence of acinar cell heterogeneity therefore needs attention
as it could contribute to the differences observed among, and pos-
sibly within, pancreatic tumours, or it could imply that only a sub-
population of acinar cells has the propensity for tumour
development. Where inflammation and KRAS mutations can be
the trigger to changes in cell differentiation, one can imagine that
already less differentiated cells may have most plasticity to allow
malignant transformation in a permissive signalling context, partly
driven by the inflammatory milieu. Comparative expression analy-
ses within the acinar cell population may be of interest and a fur-
ther characterisation of the ‘enigmatic’ centro-acinar cell is also
warranted.

It is indisputable that the available mouse models in combina-
tion with epidemiological and patient-derived evidence have chan-
ged a dogma and established a connection between pancreatic
cancer and pancreatitis. This knowledge generated more questions
for further research and is now being translated into novel preven-
tive and therapeutic approaches to combat pancreatic cancer.
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