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A B S T R A C T

Pancreatic cancer is one of the leading determinants of global cancer mortality, and its incidence is predicted to
increase, to become in 2030 the second most common cause of cancer-related death. Obesity and diabetes are
recognized risk factors for the development of pancreatic cancer. In the last few decades an epidemic of diabetes
and obesity has been spreading worldwide, forewarning an increase in incidence of pancreatic cancer. This
review considers the most recent literature, covering the multiple molecular axis linking these three pathologies,
aiming to draw a more comprehensive view of pancreatic cancer for a better theragnostic stratification of the
population.

1. Introduction

Since its initial recognition in the 20th century, Pancreatic Cancer
has always been considered a virtually incurable disease; likewise, the
prognosis has not changed much in recent years, compounded by a
worldwide increase in incidence [1,2]. Pancreatic Ductal Adenocarci-
noma (PDAC) is the most common malignancy of the exocrine pan-
creas, accounting for> 90% of cases, with a very poor prognosis. In
this review we will focus exclusively on PDAC.

Increasing evidence indicate the presence of a pathological link
between obesity, diabetes and PDAC. This manuscript reviews the most
recent findings, discussing and reframing the pathological picture of
high-risk populations for potential PDAC-preventive strategies. As
summarized, novel blood-based therapeutical and diagnostic markers,
such as exosomes, warrant further clinical and interventional in-
vestigation in obese and diabetic patients. These blood-based, and
tissue specific biomarkers, are essential tools for a better enrichment
and stratification of high-risk populations. In this review, we discuss the
promises and the pitfalls of personalized screening of individuals on the
path to developing PDAC, with the ultimate aim of reducing the fore-
seeable burden of these chronic diseases.

2. PDAC risk stratification

PDAC risk factors can be divided into inherited and non-in-
herited. The latter can be further divided in modifiable and non-
modifiable risk factors. PDAC is known to be associated with several
recognized and modifiable risk factors such as obesity, tobacco

smoking, heavy consumption of alcohol and different dietary com-
ponents [3]. Non-modifiable risk factors include age, diabetes, and
chronic pancreatitis. These environmental stressors not only increase
the likelihood of developing PDAC, but they also underline the de-
velopment of other chronic metabolic pathologies, such as type 2
diabetes (T2D) and cardiovascular diseases, offering possible insight
into this complex pathological relationship known to be enforced via
an altered expression of a vast gamut of genes. Smoking is one of the
major risk factors for PDAC and smokers can be more than twice as
likely to contract PDAC compared to non-smokers (Table 1); none-
theless, compared to other smoking-related cancers, no carcinogen-
related mutational signatures have been identified in PDAC [4].
Around 5–10% of PDAC patients have a familial history of the dis-
ease characterized by at least two first degree relatives affected by
PDAC [5]. Several known hereditary syndromes and genes are as-
sociated with an increased risk of PDAC such as BRCA1, BRCA2,
CDKN2A and DNA mismatch repair genes MLH1, MSH2, and MSH6
(Table 1).

Epidemiological evidence indicates that, for many patients, pan-
creatic cancer is secondary to metabolic pressures, caused for example
by obesity and T2D; conversely, patients-bearing PDAC are at much
higher risk of developing diabetes [6]. This strong correlative evidence
has been supported by recent studies, offering new avenues for clinical
interventions to curb the incidence of PDAC, as well as new insight into
the morbidity spectrum associated with metabolic diseases. It is a well-
established fact that obese individuals are at higher risk of developing
pancreatic precancerous lesions [7]. In particular, the burden of ex-
cessive amounts of adipose tissues, especially in early adulthood, raises

https://doi.org/10.1016/j.bbcan.2019.188326
Received 21 May 2019; Received in revised form 28 September 2019; Accepted 31 October 2019

⁎ Corresponding author.
E-mail addresses: silvano.paternoster@postgrad.curtin.edu.au (S. Paternoster), marco.falasca@curtin.edu.au (M. Falasca).

BBA - Reviews on Cancer 1873 (2020) 188326

Available online 09 November 2019
0304-419X/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0304419X
https://www.elsevier.com/locate/bbacan
https://doi.org/10.1016/j.bbcan.2019.188326
https://doi.org/10.1016/j.bbcan.2019.188326
mailto:silvano.paternoster@postgrad.curtin.edu.au
mailto:marco.falasca@curtin.edu.au
https://doi.org/10.1016/j.bbcan.2019.188326
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbcan.2019.188326&domain=pdf


the risk for PDAC and overall mortality [8]. Recent evidence expands
this tenet, suggesting that the risk is bequeathed to progenies from ei-
ther obese parent [9]. Similarly, the chronic glucose intolerance seen in
maternal diabetes is associated with increased obesity and internal
visceral adipose tissue (VAT) in the offspring, which then display an
increased risk for PDAC [10]. Taking into consideration that obesity is a
risk factor for pancreatic cancer and given its worldwide pandemic
status, it is imperative to find new ways to screen this high-risk popu-
lation for PDAC.

3. Pre-clinical models

The preclinical study of the complex relationship between obesity,
diabetes and PDAC, is complicated by the lack of animal models
translating the human pathology. Animals models of obesity, or dia-
betes, do not normally develop PDAC. Currently, the most common in
vivo system used for the study of PDAC is the transgenic KPC mouse,
bearing oncogenic K-RAS G12D and p53 R172H in the pancreas. These
animals, despite being successfully used for the study of novel ther-
apeutics in PDAC, have been recently shown to be devoid of any sign of
para-neoplastic diabetes [11]. KPC mice fed either standard chow or
western high-fat high-sugar diets, did not show any worsening of their
glucose tolerance; on the opposite, animals with advanced stage PDAC
displayed an improved glucose tolerance. Surprisingly, although the
obesogenic diet increased the morbidity of PDAC, the animals with
more abdominal fat showed the longest overall survival, even on a
standard chow diet. This increase in survival was not maintained when
the animals were stratified by whole body weight, in disagreement with
human data. As the KPC mouse represents a very aggressive and ad-
vanced model of PDAC it is likely that environmental stressors might
have a limited impact on the disease progression. In this respect, the KC
mouse, a transgenic model that only expresses the oncogenic K-RAS
G12D allele in the acinar cells of the pancreas, might represent a more
useful animal model. In the KC mouse, an obesogenic high-fat diet
significantly increases the incidence of neoplastic growths of the pan-
creas [12], confirming the link between obesity and its potential con-
tribution to PDAC development and progression while, interestingly,
the protection from the same obesogenic diet with metformin has anti-
tumoral properties [13]. In the last decade, several studies have de-
monstrated that obesity potentiates pancreatic cancer growth and dis-
semination in animal models [14–17]. Incio et al. in particular proved

how dietary-mediated obesity aggravated PDAC aggressivity, via PlGF
and VEGFR1 activity and modulating the tumoral immune micro-
environment [17]. Moreover, in vitro data indicate that soluble factors
produced by adipocytes promote epithelial-to-mesenchymal transition
(EMT) and aggressiveness in pancreatic cancer cell lines expressing
constitutively activated KRAS [18].

An animal model accurately and comprehensively replicating the
human pathophysiology of obesity, diabetes and PDAC in one micro-
environment is not yet available; this is likely explained by the species-
specific biology, and congenital nature of these animals. A recent report
tries to overcome these problems with the use of Tamoxifen inducible
Cre recombinase; Talbert and colleagues describe the KPP mouse, ex-
pressing the same KRAS-G12D dominant protein, while lacking a
functional Pten gene in pancreatic acinar cells. The KPP mouse re-
presents a useful pre-clinical model for the study of cachexia [72], a
condition of muscle wastage and extreme anorexia seen in most PDAC
patients. Nevertheless, the glycaemic status of this model is not re-
ported, making the KC mouse model more indicated for studies ex-
ploring the diabetes-PDAC interaction. New studies are necessaries for
the assessment of the interaction between modifiable risk factors, such
as diet-induced obesity, or hyperglycaemia and genetic predisposition.

4. Obesity and PDAC

The link between obesity and PDAC provides a way forward to
better define and stratify high-risk populations, in particular through
the characterization of anatomically different fat deposits, tissues
known to be distinct metabolic organs. A first functional distinction that
can be drawn is between the intraperitoneal inter, and intra-organ fat,
often loosely referred to as VAT, and the sub-cutaneous adipose tissue
(SCAT), with the former being associated with worse prognosis in
multiple carcinomas including the pancreas [19].

These different physiologies are also explained by their anatomical
location, with the VAT being in close proximity with virtually all in-
ternal organs. Indeed, in pathologies such as obesity and T2D the inter-
organ VAT infiltrates different tissues including the pancreas and the
liver, negatively impacting their physiologies.

Accordingly, the pancreatic fat fraction (PFF) has shown to be the
common denominator between obesity, T2D, chronic pancreatitis and
PDAC [20–22]; moreover, in obese patients, the PFF correlates with
PanIN formation and PDAC development, while being inversely corre-
lated with patients survival [23,24].

The ability to distinguish VAT from SCAT, both at the clinical and
molecular level, is therefore essential to depict a more holistic view of
PDAC, aiding in a better stratification of patients for more tailored in-
terventional strategies. It is now clear that different adipose tissues
communicate locally, and distally through the bloodstream, using a
complex array of cytokines named adipokines, that can target different
tumour microenvironments. Obesity is indeed a known pro-in-
flammatory insult, with proven capacity to stimulate Tumor Associated
Neutrophils (TANs), that activate Pancreatic Stellate Cells (PSCs),
which are in turn responsible for the typical desmoplastic fibrotic re-
action seen in PDAC, resulting in a poorly perfused and difficult to treat,
tumour microenvironment [25]. An additional way of communication
from the adipocytes has been recently demonstrated, occurring via an
upregulated and distinct type of lipid-filled extracellular vescicles (EVs)
that modulate adipose tissue macrophages, or distant organs, estab-
lishing a pro-tumoural environment [26] (Fig. 1).

Few molecular pathways defining the effect of VAT on the tumour
microenvironment have been described in different types of cancer,
with inflammation being a recognized pathological driver of PDAC
[27]. For instance, it has been reported that adipose stromal cells, the
progenitors of differentiated adipocytes residing in the VAT sur-
rounding a prostatic tumour, directly committ cancer cells to an EMT
transition, possibly via CXCL12, increasing chemoresistance and overall
morbidity [28]. A similar interplay is possibly underpinning the

Table 1
PDAC risk factors. Multiple congenital, and environmental factors are known
to increase the risk of PDAC development. A combination of reported con-
fidence intervals is listed for each recognized factor. Data reformatted from
[35,36,104,105].

Risk factor Overall confidence interval

Genetic
STK11/LKB1 44–261
BRCA1 BRCA2 PALB2 2–3.5
P16INK4A/CDKN2A 12–47
CFTR 3.5–6.6
APC 4.46–6
MLH1, MSH2, MSH6 0–8.6

Pathologies
Pancreatitis 3.5–13
Obesity 1.3–1.5
T2D overall 2.0
NOD (<1 year) 3.5–8
T2D (> 2 years) 1.7–2
Long-lasting T2D (> 5 years) 1.5

Environmental
Smoking 1.6–2.2
Alcohol 1.5
Animal fat-rich diet 1.5
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Fig. 1. The pancreatic cancer microenvironment in obese and diabetic individuals. Different environmental stressors support the growth of a dysplastic
pancreatic cancer cell (shown at the centre-left in red), and its epithelial-to-mesenchymal transition (EMT). Obesogenic diets, rich in fat and ω-6 lipids, have recently
been shown to directly sustain a Ras-mediated aerobic glycolysis supporting cellular proliferation reliant on glycolysis [32]. A western-type, high fat diet is a pro-
inflammatory and pro-oncogenic stimulus [16,29,30], that can at least partially be blocked with metformin [13]; a drug that has also shown to inhibit the PSCs-
mediated oncogenic desmoplastic reaction [101], and directly reduce tumoral metabolic plasticity [102]. Animal data also indicates that aspirin protects from HFD-
induced PDAC [95]. Visceral fat directly supports PDAC development with soluble factors such as Lipocalin-2, and indirectly involving TANs, TAMs and PSCs-
mediated inflammation [17,23,25,27,32]. The cancerous pancreatic cells, as well as PSCs, have proven to secrete exosomes containing adrenomedullin capable to
induce peripheral lipolysis [79–81]. Moreover, the diabetic state, through hyperglycaemia or hyperinsulinaemia, supports the metastatic dissemination and growth
of the primary tumour, especially through pancreatic stellate cells (PSCs) [42,43,45,50,63]. Adipocytes have also been proven to bey key players, secreting paracrine
Wnt ligands with direct pro-oncogenic properties [18], in addition to pro-inflammatory capacities mediated by recruited TANs, and TAMs in special nanovescicles
[25,26]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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development of PDAC, making this axis a valuable target for future
therapies aimed at its inhibition.

Several studies have also investigated the effect of different diets, or
selective dietary components on cancer development and progression.
For instance, it has been reported that processed meat, or a hyper ca-
loric diet rich in fats, especially omega-6 lipids, directly correlates with
more pancreatic intraepithelial lesions (PanINs), resulting in increased
invasiveness supported by an inflamed microenvironment [29,30].

Recently, Wang et al. [31] demonstrated that a high-fat diet (HFD),
but not a high-carbohydrate diet, upregulates KRAS-G12D and drives a
shift toward an aerobic glycolysis in the KC mouse model, resulting in
more invasive PanINs and ultimately PDAC. Importantly, the observa-
tion that such overactivity of KRAS-G12D depends on the key in-
flammatory mediator cyclooxygenase-2, further provides a promising
novel therapeutical target for the indirect inhibition of KRAS activity.

Lipocalin-2, a protein known to be involved in the development of
multiple malignancies, is also a key player in the microenvironment
underlying PDAC development. Lipocalin-2 was recently shown to be
an important master regulator of the VAT hypertrophy detected in HFD
fed animals; its genetic deletion curbs PDAC development in K-
RasG12D expressing transgenic mice [32]. Although more studies are
required to better understand the clinical importance of these path-
ways, the available data indicates that the pharmacological modulation
of specific types of VAT represents a novel promising approach holding
powerful theragnostic potential.

5. Diabetes-derived PDAC

The hyperglycaemic status observed in T2D patients is the con-
sequence of excessive hepatic gluconeogenesis, hampered incretin ac-
tivity and peripheral uptake of glucose, all compounded by an impaired
insulin signalling. The pathophysiology of diabetes has many pro-tu-
moral features, and represents a recognized risk factor for the devel-
opment of PDAC. Indeed, patients are more likely to develop PDAC
within few years from their diagnosis of diabetes, rather than later [6].
To understand the rationale behind this differential risk, and better
stratify high-risk populations, it is important to frame it in the context
of the metabolic dynamics of type 2 diabetes. Before being diagnosed,
patients are often asymptomatic for up to a decade, with a silent glucose
intolerance controlled by a growing hyperinsulinemia. Only after a few
decades of overt, uncontrolled hyperglycaemia, diabetics become hypo-
insulinemic, with ever-present increased levels of glucose in their tis-
sues. Nonetheless, in this timeframe often encompassing at least two
decades, the first years appear to be critical, making novel onset dia-
betes (NOD) patients> 50% more likely to develop PDAC than long-
term diabetics [33–37].

Indeed, extensive epidemiological data link hyperglycaemia to
PDAC risk [39,40], and recent studies have started to unveil a novel
axis that could offer a broader picture of this relationship, offering
possible therapeutical targets.

For instance, a study led by Rahn et al. [41] sheds some light on the
strong pro-tumoral effects of hyperglycaemia; the authors showed how
high blood sugar in mice supports the activation of the transforming
growth factor β-1 pathway, causing reduced E-cadherin expression in
the ductal epithelial cells, resulting in a more mesenchymal and pro-
metastatic morphology.

Mechanistic evidence between high glucose levels and genomic in-
stability has been recently found in pancreatic cancer. High glucose
levels increase post-translational O-GlcNAcylation leading to nucleo-
tides imbalance and genomic instability ultimately supporting KRAS
mutations [42].

This is corroborated by evidence in patients with resected PDAC,
whereby glycated haemoglobin (HbA1c) levels higher than 9.0% are
worse prognostic markers than the diabetic status [43].

Beyond hypoglycaemia, recent evidence [44] indicates that lipo-
toxicity, the accumulation of lipid derivatives in non-adipose tissues, as

seen in T2D, activates pancreatic stellate cells (PSCs) residing in the
islets, which then impair the viability of pancreatic β-cells, leading to
insulin deficiency, while stimulating PDAC cells proliferation and in-
vasion, both in vitro and in vivo in a xenograft mouse model [45,46].
Importantly, such pro-diabetic action could be prevented by the over-
expression of sterol regulatory element-binding protein -c1 ex vivo in
rat islets [44], possibly suggesting a strategy to counteract diabetes
onset in this context. This study however contrasts with older evidence
in diet-driven diabetic rats, where the use of the anti-fibrotic agent
pirfenidone was shown to impede the migration and activity of PSCs
but did not improve the diabetic state [47]. Activated PSCs are also
well-known cellular players responsible for the highly desmoplastic
microenvironment characterizing PDAC. Although more evidence is
needed to pinpoint their pro-fibrotic nature specifically in T2D, studies
in orthotopic mouse models of PDAC implicate the HGF/cMET pathway
as a viable target in multidrug therapy [48]. PSC are indeed key proxies
acting at the interface of multiple cell types, including the immune
system, mechanistically linking T2D to pancreatic cancer via their pro-
inflammatory nature [34].

Beyond the pathology of T2D itself, PDAC is an iatrogenic condition
resulting from diabetes pharmacologic management. Strong correlative
evidence indicates that independently from the obesity status, hyper-
insulinemia is an unfavourable predictive marker in any type of cancer
mortality [49,73]. In diabetics, insulin is either overproduced en-
dogenously to compensate initial peripheral resistance, or is introduced
exogenously as a treatment in later stages of the disease. Recent studies
have proven that this hormone supports a proliferative niche via the
activation of PSCs [50], or directly, in synergism with Insulin-like
growth factor 1 (IGF-1), via the activation of the ERK1/2 pathway
[51,52], a critical axis in PDAC development as recently demonstrated
in human primary, and metastatic tumour tissues [53]. Indeed IGF-1
has proven to be a valid blood marker capable to discriminate diabetic
patients bearing PDAC from pancreatitis [54]. The hyperactivity of
ERK1/2 is in turn associated with the pathological development of in-
sulin resistance [55], bridging again the pathologies of PDAC and T2D.

Amongst the novel anti-diabetic drugs, glucagon-like peptide-1
(GLP-1) receptor agonists have also similarly been associated with in-
creased risk of PDAC, although the causality is yet unproven [56].

Overall, these studies indicate a complex, inter-cellular network
between diabetes and PDAC, unveiling contrasting possible effects of
different anti-diabetic drugs on cancer development and progression.

6. Diabetes as a clinical manifestation of PDAC

The strong correlation between diabetes and PDAC is indeed a two-
way self-reinforcing relationship. As recently reviewed by Singhi et al.
[38], patients diagnosed with PDAC are much more likely to have
different degrees of glucose intolerance, whereby only less than a tenth
displays a normal fasting glycaemia at diagnosis. This strong correlation
between diabetes and pancreatic cancer is indeed a two-way self-re-
inforcing relationship. Most PDAC-bearing patients are chronically
hyperglycaemic, and tend to lose both body weight and their pancreatic
β-cell activity with the progression of the disease, resulting in overt
late-stage diabetes over time.

Indeed, fasting blood glucose is now recognized as an easy-to-
measure blood-marker for a better stratification of populations at high-
risk for PDAC. Impaired glycaemia has recently been shown to be the
clinical manifestation of less differentiated tumours of 1 to 2 cm3 in
volume, detectable up to 30months before PDAC diagnosis [57]. New
studies have defined these periods more precisely, showing how pa-
tients bearing PDAC experience a loss of body weight averaging 4 kg in
the 18 to 6months prior to diagnosis, and 8 kg in the 6months pre-
ceding diagnosis. Moreover, the same individuals experience reduced
levels of their serum lipids, including low-density lipoprotein, high-
density lipoprotein, triglycerides and cholesterol [58,59].

Reportedly healthy patients, experiencing unexplained weight loss
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and hyperglycaemia, could be further stratified with the use of other
blood markers, that albeit yet correlative in nature, could improve the
stratification strategy of patients.

7. Metabolic abnormalities in PDAC

As described in the previous chapter, patterns of metabolic changes
are normally occurring in the prediagnostic phase of PDAC, offering a
diagnostic window for the early detection of an ideally localized re-
sectable and curable disease. In a recent comprehensive study, the
temporal profile of metabolic parameters has been annotated in a co-
hort of PDAC patients compared to controls [58]. The authors identified
three distinct metabolic phases, starting around 3 years before diagnosis
with new onset hyperglycaemia (Phase I, hyperglycaemia). Subse-
quently, a decrease in circulating lipids coupled with weight loss, oc-
curs 1.5 years before classic diagnosis (Phase II, pre-cachexia). In the
last phase (Phase III, cachexia), occurring around 6months before di-
agnosis, a further general decrease in lipids, SCAT, VAT and muscle is
seen, whereas fasting glucose continues to increase. SCAT loss is ac-
companied by an increase in body temperature suggesting that this is a
consequence of the browning of white SCAT, a known mechanism of
SCAT reduction in cancer [66]. Indeed, the vast majority of PDAC pa-
tients reports weight loss that meets the criteria of cachexia at diagnosis
[67]. Cancer-associated cachexia is hard to treat [68], being a major
cause of mortality responsible for at least 20% of cancer deaths has an
impact not only on survival but also on quality of life [69]. Cachexia is a
recurrent problem in cancer patients, and it is most commonly seen in
PDAC patients; characterized by a reduced calorie intake due to loss of
appetite, and coupled with increased energy expenditure [70], it results
in pronounced muscle wasting and general inflammation induced by a
combination of tumour-derived factors and host cytokines secreted by
different tissues and cells of the tumour microenvironment [68].

Non-canonical IκB kinases (IKKs) TBK1 and IKKε are another mo-
lecular bridge linking this meta-inflammation to cancer, obesity, and
diabetes. [74]. Recent studies have shown in blood samples of PDAC
patients, reduced expression of pancreatic polypeptide (PP) and glu-
cose-dependent insulinotropic peptide (GIP) in response to a meal
[60,61], or increased activity of the GLP-1 degrading serine exopepti-
dase dipeptidyl-peptidase-IV (DPP-IV) in NOD patients [63]. Further
stratification could also be implemented considering increased plas-
matic levels of the antigen CA19-9. However, the sensitivity and spe-
cificity of this blood marker is still controversial, marred by un-
acceptably high levels of false negatives, due to 5–10% of patients not
producing it for genetic reasons, or false positives indicating benign
conditions [65]. Nonetheless, some authors have recently described its
use in diabetic patients, defining a cut-off value of 75 U/ml offering a
yet unprecedented sensitivity of 69.5%, and specificity of 98.2% [64].

Despite these encouraging results, as discussed recently by Singhi
et al. [38], there is currently no recognized marker that can diagnose a
silent PDAC as all available studies use cohorts of patients either car-
rying PDAC or not.

Diagnosing a clinically silent PDAC requires the validation of a
panel of markers in prospective longitudinal studies, whereby different
high-risk populations are followed for multiple years. Nevertheless,
current evidence already warrants the clinicians' attention in NOD pa-
tients reporting weight loss [57,58]. It is in this growing high-risk po-
pulation that all the potential PDAC specific biomarkers must be in-
vestigated to improve the likelihood of early detection while
maximizing both sensitivity and specificity. Given this complex picture,
it is important to further segment cohorts based on the underlying
pathology, distinguishing obesity from T2D or NOD, and considering
the overall internal anatomy of PFF, VAT, and SCAT.

8. Extracellular vesicles as proxies of the tumour
microenvironment

EVs are emerging as key players in multiple neoplastic micro-
environments [75]. EVs are divided functionally and morphologically
into microvesicles, apoptotic bodies, both derived from the plasma
membrane, and exosomes, formed from late stage endosomes with a
unique cell-specific cargo.

Recently, PDAC cells have been shown to secrete exosomes capable
to suppress the gut-derived insulin-secretagogues GIP and GLP-1 via
micro RNAs (miRNAs) in vitro, which compounded by the increase in
DPP-IV activity mentioned in the previous section, results in lower le-
vels of GIP reported in PDAC patients.

These miRNA-containing exosomes (exo-miRNA), are delivered to
the gut via pancreatic juices, and exacerbate the diabetic state often
seen after PDAC diagnosis [76]. Some of the glucose lowering proper-
ties of metformin can also ascribed to its GLP-1 secreting capabilities
[77]. Nonetheless this loss of GLP-1 activity seen in PDAC appears
benign given the retrospective evidence also mentioned in section 5;
iatrogenic GLP-1 receptor over-activation is associated with PDAC de-
velopment, especially in the short term [57], although the timing also
needs to be considered to discern either causality.

Overall exosomes are valuable blood-markers and, as recently re-
ported, they are capable to distinguish patients with non-malignant
pancreatitis from PDAC. Nakamura et al. isolated exosomes from pan-
creatic juices of patients with either pancreatitis or PDAC, and showed
elevated levels of the exo-onco-miR-21 and exo-miR-155 while, inter-
estingly, their levels in the whole pancreatic juice were non-dis-
criminatory [78]. Overall, cytology of the pancreatic juice, combined
with exo-miR-21 and exo-miR-155, are reported to offer an accuracy of
91% for the diagnosis of PDAC.

Furthermore, both PDAC cells and PSCs are known to secrete exo-
somes containing adrenomedullin and CA19-9, with the ability to in-
duce peripheral lipolysis [79,80] (Fig. 1), as well as endoplasmic re-
ticulum-stress, to β-cells, resulting in impaired insulin secretion and
ultimately leading to cellular death and overt diabetes [81]. This mo-
lecular axis explains the weight loss that precedes the diagnosis of NOD
and underpins the diagnostic potential of CA19-9 in the plasma as de-
scribed in the previous section 7.

9. Microbiota, immune system and pancreatic cancer

Recent evidence indicates that the human intestinal microbiota can
migrate into the pancreatic ducts, establishing an intra-pancreatic mi-
crobiome that has been reported to support the development of PDAC
and other malignancies in multiple mouse models [82]. The majority of
PDAC patients possess an intra-pancreatic microbiota [83], primarily
Gram negatives of the phyla Proteobacteria, with a marked decrease in
their gut levels compared to healthy controls [84].

The PDAC-associated pancreatic and intestinal microbiomes were
proven to be pro-tumoral in animal models, while their ablation by oral
antibiotics was sufficient to slow down PDAC progression in KC mice
[85].

The pro-oncogenic microenvironment supported by this micro-
biome is shown to involve immune tolerance through the hyper-
activation of multiple pattern recognition receptors in monocytic cells
[85].

Surprisingly, in addition to a dysbiotic intestinal and pancreatic
microbiota, a recent study indicates that the oral microbiota of PDAC
patients is also disease-specific, holding a promising non-invasive
theragnostic potential [85].

Data also indicate that PDAC treatments can affect the gut micro-
biome and affect the progression of the disease. For instance,
Panebianco et al. [86] have recently shown that treatment with Gem-
citabine increases the presence of Akkermansia muciniphila, Escherichia
coli, and Aeromonas hydrophila in a mouse xenograft model, while
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decreasing the two phyla of Firmicutes and Bacteroidetes, supporting a
pro-inflammatory microbiome. Reduced levels of Akkermansia muci-
niphila have also been described in T2D independently from PDAC
status [87]. Furthermore, some Gamma Proteobacteria, detected in the
majority of pancreata of PDAC patients, are able to metabolize Gem-
citabine, therefore mediating chemoresistance [84]. These studies not
only underline the importance of the microbiota during PDAC

development and progression, but they also suggest its central role
during drug resistance development [88]. The role of the immune
system, specifically the neoantigen number and quality of CD8 positive
T-cell infiltrates, represents a critical parameter that long-term PDAC
survivors display. [89]. Indeed, a new study provides experimental
evidence that the PDAC associated microbiome is not only protumoral
[90], but its composition holds prognostic potential, in long-term

Fig. 2. The role of microbiota in PDAC associated with diabetes and obesity. A key molecular player bridging the environment, with obesity, diabetes and the
PDAC is the microbiota. A section of the duodenum and the pancreas is shown, highlighting the main pathological axis seen in obese, diabetic patients with PDAC.
Tumour bearing patients display high levels of Proteobacteria in their pancreatic ducts, capable to exert both pro-tumoral, and chemoresistant properties to PDAC cells
[83,90]. Gemcitabine has also shown to support a pro-inflammatory intestinal microbiota [87]. An obesogenic environment supports the growth of visceral, inter-
organ and intra-organ fat, which elicits pro-inflammatory and pro-tumoral effects mediated by TAMs, and TANs [14,15,17,23–26]. PDAC derived exosomes con-
taining different miRNAs, have shown to lower the levels of the incretins GLP-1 and GIP [76], a finding compounded by the elevated DPP-IV activity seen both in
plasma and in PDAC tissues [63]. Conversely, the anti-diabetic drug Metformin has shown GLP-1 secreting capabilities directly from gut L-cells [77], or indirectly
through the microbiota [87]. The clinical monitoring of this pathological microenvironment holds strong potential for a better screening of patients bearing a silent
pancreatic cancer. Black and red arrows indicate proven positive and negative modulations respectively. Molecular players found to be upregulated, or down-
regulated are squared in blue or red respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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survivors was shown to be more diverse, and less immune-tolerant in
mouse models.

Another recent study reports that the faecal microbiota of KPC
mouse models in the early stages of the disease is enriched in
Proteobacteria and Firmicutes, representing another easy to access tu-
mour marker [91]. As the gut microbiota represents a dynamic eco-
system that shifts under metabolic insults as seen in obesity [92], both
the intestinal and intrapancreatic microbiota are key proxies bridging
environmental insults, such as diet, to obesity, diabetes and PDAC [93],
playing a significant role in their reciprocal triple-causality (Fig. 2). The
benefits of metformin can also be ascribed to its interaction with the gut
microbiota, increase in Short chain fatty acids (SCFAs) secreting bac-
teria, conjugated bile acids, and levels of Akkermansia muciniphila,
which have shown to play in concert resulting in improved incretin
secretion, blood lipidomic, gut barrier integrity and consequent re-
duction of inflammation [88]. This interplay offers an important ther-
apeutical opportunity adding a new layer of complexity to segment
high-risk population screenings, while also providing the grounds for its
therapeutical manipulation in future pre-clinical and clinical studies of
diabetic individuals at high risk of PDAC. The understanding of the
interactions of the immune system with different microbial populations
throughout the tumoral evolution is of paramount importance for the
development of improved future immunotherapies.

10. Pancreatic cancer chemoprevention

Chemopreventive strategies could be useful in individuals that are
at high risk of developing pancreatic cancer, or presents premalignant
lesions [3]. Different natural and synthetic compounds have been
suggested as pancreatic cancer chemopreventive agents both in cellular
in vitro and in vivo animal models.

As discussed in section 4, high-fat diet is pro-tumoral in mouse
models, with proven capacity to generate metabolic shift via hyper
activation of mutagenic KRAS [31]. Another study indeed builds upon
this concept, demonstrating that simple anti-inflammatory treatment
with aspirin is sufficient to protect from this risk in HFD mice [94].

This study implies that other environmental factors, such as
smoking, infection and aging, could influence the phenomenon of cell
competition which is physiologically present, and sees normal epithe-
lial cells extruding, and eliminating transformed ones. Nonetheless,
results on the utility of aspirin to prevent PDAC risk in humans are
debated. Indeed, cholesterol lowering statins, but not aspirin, was
found by Archibugi et al. to be associated with a reduced PDAC risk
[95].

In particular, the use of statins in combination with aspirin did not
reduce further the risk compared with statin alone; moreover, the
protective effect of statins was dose-dependent and more evident in
smokers, elderly and obese patients. More recently, a more compre-
hensive meta-analysis study compounds on this evidence indicating
that statins use, especially with atorvastatin, is associated with a 30%
reduction of PDAC risk [96]. However, the use of statins as chemo-
preventive agents should take into account the confirmed adverse
events caused by their use including the effect on incidence of NOD
[106].

Another drug actively investigated in cancer clinical trials, in
combination with other treatments and for chemoprevention, is the
biguanide drug metformin, commonly used for the treatment of T2D
patients. Recent meta-analysis studies, as well experimental evidence in
animal models, have indicated that metformin, protects from and im-
proves the prognosis of different types of cancer including PDAC
[13,71,97], supporting this first line of treatment for any newly diag-
nosed T2D. Metformin in particular, appears to exert its tumour sup-
pressing properties by phosphorylating 5′ AMP-activated protein kinase
(AMPK), and inhibiting the desmoplastic pro-tumoral reaction of acti-
vated PSCs [102]. Further compelling evidence supporting metformin
comes from another recent study indicating that it is possible to impair

the tumour plasticity by using metformin coupled with intermitted-
fasting induced hypoglycaemia. This time-dependent treatments si-
multaneously blocks oxidative phosphorylation and glycolysis, im-
pairing tumour growth in vitro, and in vivo in mice xenografted with
patients-derived melanoma cells [103]. However, other studies dispel
the benefits of metformin on PDAC survival [98], with others reporting
some benefits specifically in post-pancreatitis diabetes mellitus (PPDM)
patients with PDAC [99], a particular subtype of diabetes, different
from T2D, often referred to in literature as Type-3c diabetes [100].

11. Conclusions

Considering the current worldwide epidemic of obesity and T2D, an
increase in the incidence of pancreatic cancer can be foreseen. In this
manuscript, we have highlighted the most recent studies that link these
three pathologies, defining a complex inter-organ microenvironment
summarized in Figs. 1 and 2.

With our current understanding of PDAC, we can better stratify
patients with NOD, mainly considering a reported body weight loss and
multiple blood-based biomarkers that need to be further evaluated to
justify the invasiveness of imaging techniques such as endoscopic ul-
trasounds (EUS). The latter, is indeed the only available tool for the
detection of a localized, early-stage malignant neoplasm with volumes
inferior to 2–3mm, invisible to any other high-content technique such
as CT or MRI [38].

Major clinical evidence is necessary to evaluate the druggability of
this complex inter-organ pathological interplay, in order to formulate
the next generation of therapies for improved prevention, detection and
cure of PDAC.

To achieve this goal, longer multi-centred prospective studies are
required for a more detailed monitoring of obese and diabetic patients,
aiming to better stratify their cohorts, including the important variable
of dietary intake. As recently reported, fasting-mimicking diets (FMD)
have a profound impact on the body [103], offering an important tool
worth exploring as part of preventive, and possibly curative, regimens
to disrupt the pathological array of pathways described in this manu-
script.

An extended blood chemistry analysis should consider circulating
adipokines, which are essential to dissect the role of visceral mesenteric
fat, peri-pancreatic fat, and even liver steatosis, given their recognized
and distinct role in the pathophysiology of T2D and PDAC. The secre-
tome of the microbiota and other tumoral players such as PSCs are also
offering valuable opportunities.

This comprehensive approach could result in more personalized and
targeted diagnostic and therapeutic strategies, ultimately providing
much needed improvement to the current abysmal survival rates for
PDAC patients.

Acknowledgements

This project is made possible by an Avner Pancreatic Cancer
Foundation grant (http://www.avnersfoundation.org.au) and Diabetes
Australia. The authors acknowledge the infrastructure and staff support
provided by Curtin Health Innovation Research Institute and the School
of Pharmacy and Biomedical Sciences, Curtin University. S.P. is sup-
ported by the Curtin University Health Sciences Faculty International
Research Scholarships.

Author contributions

S.P. collected analysed and interpreted data from available
PUBMED literature, conceptualized and wrote the manuscript. M.F.
conceived, revised, supervised and wrote the study; both authors ap-
proved the final version of the article.

S. Paternoster and M. Falasca BBA - Reviews on Cancer 1873 (2020) 188326

7

http://www.avnersfoundation.org.au


References

[1] M. Falasca, M. Kim, I. Casari, Pancreatic cancer: current research and future di-
rections, Biochim. Biophys. Acta 1865 (2016) 123–132.

[2] A. Adamska, A. Domenichini, M. Falasca, Pancreatic ductal adenocarcinoma:
current and evolving therapies, Int. J. Mol. Sci. 18 (2017).

[3] I. Casari, M. Falasca, Diet and pancreatic cancer prevention, Cancers 7 (2015)
2309–2317.

[4] L.B. Alexandrov, S. Nik-Zainal, D.C. Wedge, S.A. Aparicio, S. Behjati, A.V. Biankin,
G.R. Bignell, N. Bolli, A. Borg, A.L. Borresen-Dale, S. Boyault, B. Burkhardt,
A.P. Butler, C. Caldas, H.R. Davies, C. Desmedt, R. Eils, J.E. Eyfjord, J.A. Foekens,
M. Greaves, F. Hosoda, B. Hutter, T. Ilicic, S. Imbeaud, M. Imielinski, N. Jager,
D.T. Jones, D. Jones, S. Knappskog, M. Kool, S.R. Lakhani, C. Lopez-Otin,
S. Martin, N.C. Munshi, H. Nakamura, P.A. Northcott, M. Pajic, E. Papaemmanuil,
A. Paradiso, J.V. Pearson, X.S. Puente, K. Raine, M. Ramakrishna, A.L. Richardson,
J. Richter, P. Rosenstiel, M. Schlesner, T.N. Schumacher, P.N. Span, J.W. Teague,
Y. Totoki, A.N. Tutt, R. Valdes-Mas, M.M. van Buuren, L. van't Veer, A. Vincent-
Salomon, N. Waddell, L.R. Yates, J. Zucman-Rossi, P.A. Futreal, U. McDermott,
P. Lichter, M. Meyerson, S.M. Grimmond, R. Siebert, E. Campo, T. Shibata,
S.M. Pfister, P.J. Campbell, M.R. Stratton, Signatures of mutational processes in
human cancer, Nature 500 (2013) 415–421.

[5] G.M. Petersen, Familial pancreatic cancer, Semin. Oncol. 43 (2016) 548–553.
[6] D.K. Andersen, M. Korc, G.M. Petersen, G. Eibl, D. Li, M.R. Rickels, S.T. Chari,

J.L. Abbruzzese, Diabetes, pancreatogenic diabetes, and pancreatic cancer,
Diabetes 66 (2017) 1103–1110.

[7] V. Rebours, S. Gaujoux, G. d'Assignies, A. Sauvanet, P. Ruszniewski, P. Levy,
V. Paradis, P. Bedossa, A. Couvelard, Obesity and fatty pancreatic infiltration are
risk factors for pancreatic precancerous lesions (PanIN), Clin. Cancer Res. 21
(2015) 3522–3528.

[8] J.M. Genkinger, C.M. Kitahara, L. Bernstein, A. Berrington de Gonzalez,
M. Brotzman, J.W. Elena, G.G. Giles, P. Hartge, P.N. Singh, R.Z. Stolzenberg-
Solomon, E. Weiderpass, H.O. Adami, K.E. Anderson, L.E. Beane-Freeman,
J.E. Buring, G.E. Fraser, C.S. Fuchs, S.M. Gapstur, J.M. Gaziano, K.J. Helzlsouer,
J.V. Lacey Jr., M.S. Linet, J.J. Liu, Y. Park, U. Peters, M.P. Purdue, K. Robien,
C. Schairer, H.D. Sesso, K. Visvanathan, E. White, A. Wolk, B.M. Wolpin,
A. Zeleniuch-Jacquotte, E.J. Jacobs, Central adiposity, obesity during early
adulthood, and pancreatic cancer mortality in a pooled analysis of cohort studies,
Ann. Oncol. 26 (2015) 2257–2266.

[9] R.S. da Cruz, J. Clarke, A.C. Curi, A. Al-Yawar, L. Jin, A. Baird, I. Cruz,
B.V. Kallakury, S. de Assis, Parental obesity programs pancreatic cancer devel-
opment in offspring, Endocr. Relat. Cancer 26 (2019) 511–523.

[10] X. Hu, Q. Xiong, Y. Xu, X. Zhang, Y. Xiao, X. Ma, Y. Bao, Contribution of maternal
diabetes to visceral fat accumulation in offspring, Obes. Res. Clin. Pract. 12 (2018)
426–431.

[11] V. Pasquale, E. Dugnani, D. Liberati, P. Marra, A. Citro, T. Canu, M. Policardi,
L. Valla, A. Esposito, L. Piemonti, Glucose metabolism during tumorigenesis in the
genetic mouse model of pancreatic cancer, Acta Diabetol. 56 (2019) 1013–1022.

[12] H.H. Chang, A. Moro, K. Takakura, H.Y. Su, A. Mo, M. Nakanishi, R.T. Waldron,
S.W. French, D.W. Dawson, O.J. Hines, G. Li, V.L.W. Go, J. Sinnett-Smith,
S.J. Pandol, A. Lugea, A.S. Gukovskaya, M.O. Duff, D.W. Rosenberg, E. Rozengurt,
G. Eibl, Incidence of pancreatic cancer is dramatically increased by a high fat, high
calorie diet in KrasG12D mice, PLoS One 12 (2017) e0184455.

[13] H.H. Chang, A. Moro, C.E.N. Chou, D.W. Dawson, S. French, A.I. Schmidt,
J. Sinnett-Smith, F. Hao, O.J. Hines, G. Eibl, E. Rozengurt, Metformin decreases
the incidence of pancreatic ductal adenocarcinoma promoted by diet-induced
obesity in the conditional KrasG12D mouse model, Sci. Rep. 8 (2018) 5899.

[14] N.J. Zyromski, A. Mathur, H.A. Pitt, T.E. Wade, S. Wang, P. Nakshatri,
D.A. Swartz-Basile, H. Nakshatri, Obesity potentiates the growth and dissemina-
tion of pancreatic cancer, Surgery 146 (2009) 258–263.

[15] P.B. White, E.M. True, K.M. Ziegler, S.S. Wang, D.A. Swartz-Basile, H.A. Pitt,
N.J. Zyromski, Insulin, leptin, and tumoral adipocytes promote murine pancreatic
cancer growth, J. Gastrointest. Surg. 14 (2010) 1888–1893 (discussion 1893-
1884).

[16] B. Philip, C.L. Roland, J. Daniluk, Y. Liu, D. Chatterjee, S.B. Gomez, B. Ji,
H. Huang, H. Wang, J.B. Fleming, C.D. Logsdon, Z. Cruz-Monserrate, A high-fat
diet activates oncogenic Kras and COX2 to induce development of pancreatic
ductal adenocarcinoma in mice, Gastroenterology 145 (2013) 1449–1458.

[17] J. Incio, J. Tam, N.N. Rahbari, P. Suboj, D.T. McManus, S.M. Chin, T.D. Vardam,
A. Batista, S. Babykutty, K. Jung, A. Khachatryan, T. Hato, J.A. Ligibel, I.E. Krop,
S.B. Puchner, C.L. Schlett, U. Hoffmman, M. Ancukiewicz, M. Shibuya,
P. Carmeliet, R. Soares, D.G. Duda, R.K. Jain, D. Fukumura, PlGF/VEGFR-1 sig-
naling promotes macrophage polarization and accelerated tumor progression in
obesity, Clin. Cancer Res. 22 (2016) 2993–3004.

[18] C. Carbone, G. Piro, N. Gaianigo, F. Ligorio, R. Santoro, V. Merz, F. Simionato,
C. Zecchetto, G. Falco, G. Conti, P.T. Kamga, M. Krampera, F. Di Nicolantonio,
L. De Franceschi, A. Scarpa, G. Tortora, D. Melisi, Adipocytes sustain pancreatic
cancer progression through a non-canonical WNT paracrine network inducing
ROR2 nuclear shuttling, Int. J. Obes. 42 (2018) (2005) 334–343.

[19] K.H. Lee, B.K. Kang, B.K. Ahn, Higher visceral fat area/subcutaneous fat area ratio
measured by computed tomography is associated with recurrence and poor sur-
vival in patients with mid and low rectal cancers, Int. J. Color. Dis. 33 (2018)
1303–1307.

[20] T. Tirkes, C.Y. Jeon, L. Li, A.Y. Joon, T.A. Seltman, M. Sankar, S.A. Persohn,
P.R. Territo, Association of pancreatic steatosis with chronic pancreatitis, obesity,
and type 2 diabetes mellitus, Pancreas 48 (2019) 420–426.

[21] M. Takahashi, M. Hori, R. Ishigamori, M. Mutoh, T. Imai, H. Nakagama, Fatty
pancreas: a possible risk factor for pancreatic cancer in animals and humans,
Cancer Sci. 109 (2018) 3013–3023.

[22] A. Mathur, M. Marine, D. Lu, D.A. Swartz-Basile, R. Saxena, N.J. Zyromski,
H.A. Pitt, Nonalcoholic fatty pancreas disease, HPB 9 (2007) 312–318.

[23] A. Mathur, N.J. Zyromski, H.A. Pitt, H. Al-Azzawi, J.J. Walker, R. Saxena,
K.D. Lillemoe, Pancreatic steatosis promotes dissemination and lethality of pan-
creatic cancer, J. Am. Coll. Surg. 208 (2009) 989–994 (discussion 994-986).

[24] M. Hori, M. Takahashi, N. Hiraoka, T. Yamaji, M. Mutoh, R. Ishigamori, K. Furuta,
T. Okusaka, K. Shimada, T. Kosuge, Y. Kanai, H. Nakagama, Association of pan-
creatic fatty infiltration with pancreatic ductal adenocarcinoma, Clin. Transl.
Gastroenterol. 5 (2014) e53.

[25] J. Incio, H. Liu, P. Suboj, S.M. Chin, I.X. Chen, M. Pinter, M.R. Ng, H.T. Nia,
J. Grahovac, S. Kao, S. Babykutty, Y. Huang, K. Jung, N.N. Rahbari, X. Han,
V.P. Chauhan, J.D. Martin, J. Kahn, P. Huang, V. Desphande, J. Michaelson,
T.P. Michelakos, C.R. Ferrone, R. Soares, Y. Boucher, D. Fukumura, R.K. Jain,
Obesity-induced inflammation and desmoplasia promote pancreatic cancer pro-
gression and resistance to chemotherapy, Cancer Dis. 6 (2016) 852–869.

[26] S.E. Flaherty 3rd, A. Grijalva, X. Xu, E. Ables, A. Nomani, A.W. Ferrante Jr., A
lipase-independent pathway of lipid release and immune modulation by adipo-
cytes, Science (New York, N.Y.) 363 (2019) 989–993.

[27] H.H. Chang, G. Eibl, Obesity-induced adipose tissue inflammation as a strong
promotional factor for pancreatic ductal adenocarcinoma, Cells, 8 (2019).

[28] F. Su, S. Ahn, A. Saha, J. DiGiovanni, M.G. Kolonin, Adipose stromal cell targeting
suppresses prostate cancer epithelial-mesenchymal transition and chemoresis-
tance, Oncogene 38 (2019) 1979–1988.

[29] K.M. Hertzer, M. Xu, A. Moro, D.W. Dawson, L. Du, G. Li, H.H. Chang, A.P. Stark,
X. Jung, O.J. Hines, G. Eibl, Robust early inflammation of the peripancreatic
visceral adipose tissue during diet-induced obesity in the KrasG12D model of
pancreatic cancer, Pancreas 45 (2016) 458–465.

[30] P. Cascetta, A. Cavaliere, G. Piro, L. Torroni, R. Santoro, G. Tortora, D. Melisi,
C. Carbone, Pancreatic cancer and obesity: molecular mechanisms of cell trans-
formation and chemoresistance, Int. J. Mol. Sci. 19 (2018).

[31] D. Wang, Y. Bi, L. Hu, Y. Luo, J. Ji, A.Z. Mao, C.D. Logsdon, E. Li, J.L. Abbruzzese,
Z. Li, V.W. Yang, W. Lu, Obesogenic high-fat diet heightens aerobic glycolysis
through hyperactivation of oncogenic KRAS, Cell Commun. Signal. 17 (2019) 19.

[32] S.B. Gomez-Chou, A.K. Swidnicka-Siergiejko, N. Badi, M. Chavez-Tomar,
G.B. Lesinski, T. Bekaii-Saab, M.R. Farren, T.A. Mace, C. Schmidt, Y. Liu, D. Deng,
R.F. Hwang, L. Zhou, T. Moore, D. Chatterjee, H. Wang, X. Leng, R.B. Arlinghaus,
C.D. Logsdon, Z. Cruz-Monserrate, Lipocalin-2 promotes pancreatic ductal ade-
nocarcinoma by regulating inflammation in the tumor microenvironment, Cancer
Res. 77 (2017) 2647–2660.

[33] V.W. Setiawan, D.O. Stram, J. Porcel, S.T. Chari, G. Maskarinec, L. Le Marchand,
L.R. Wilkens, C.A. Haiman, S.J. Pandol, K.R. Monroe, Pancreatic Cancer following
incident diabetes in African Americans and Latinos: the multiethnic cohort, J.
Natl. Cancer Inst. 111 (2018) 27–33.

[34] Q. Ben, M. Xu, X. Ning, J. Liu, S. Hong, W. Huang, H. Zhang, Z. Li, Diabetes
mellitus and risk of pancreatic cancer: a meta-analysis of cohort studies, Eur. J.
Cancer (Oxford, England) 47 (2011) (1990) 1928–1937.

[35] C. Bosetti, V. Rosato, D. Li, D. Silverman, G.M. Petersen, P.M. Bracci, R.E. Neale,
J. Muscat, K. Anderson, S. Gallinger, S.H. Olson, A.B. Miller, H. Bas Bueno-de-
Mesquita, G. Scelo, V. Janout, I. Holcatova, P. Lagiou, D. Serraino, E. Lucenteforte,
E. Fabianova, P. Ghadirian, P.A. Baghurst, W. Zatonski, L. Foretova, E. Fontham,
W.R. Bamlet, E.A. Holly, E. Negri, M. Hassan, A. Prizment, M. Cotterchio,
S. Cleary, R.C. Kurtz, P. Maisonneuve, D. Trichopoulos, J. Polesel, E.J. Duell,
P. Boffetta, C. La Vecchia, Diabetes, antidiabetic medications, and pancreatic
cancer risk: an analysis from the International Pancreatic Cancer Case-Control
Consortium, Ann. Oncol. 25 (2014) 2065–2072.

[36] J.W. Elena, E. Steplowski, K. Yu, P. Hartge, G.S. Tobias, M.J. Brotzman,
S.J. Chanock, R.Z. Stolzenberg-Solomon, A.A. Arslan, H.B. Bueno-de-Mesquita,
K. Helzlsouer, E.J. Jacobs, A. LaCroix, G. Petersen, W. Zheng, D. Albanes,
N.E. Allen, L. Amundadottir, Y. Bao, H. Boeing, M.C. Boutron-Ruault, J.E. Buring,
J.M. Gaziano, E.L. Giovannucci, E.J. Duell, G. Hallmans, B.V. Howard,
D.J. Hunter, A. Hutchinson, K.B. Jacobs, C. Kooperberg, P. Kraft, J.B. Mendelsohn,
D.S. Michaud, D. Palli, L.S. Phillips, K. Overvad, A.V. Patel, L. Sansbury, X.O. Shu,
M.S. Simon, N. Slimani, D. Trichopoulos, K. Visvanathan, J. Virtamo, B.M. Wolpin,
A. Zeleniuch-Jacquotte, C.S. Fuchs, R.N. Hoover, M. Gross, Diabetes and risk of
pancreatic cancer: a pooled analysis from the pancreatic cancer cohort con-
sortium, Cancer Causes Control 24 (2013) 13–25.

[37] R. Huxley, A. Ansary-Moghaddam, A. Berrington de Gonzalez, F. Barzi,
M. Woodward, Type-II diabetes and pancreatic cancer: a meta-analysis of 36
studies, Br. J. Cancer 92 (2005) 2076–2083.

[38] A.D. Singhi, E.J. Koay, S.T. Chari, A. Maitra, Early detection of pancreatic cancer:
opportunities and challenges, Gastroenterology 156 (2019) 2024–2040.

[39] W.C. Liao, Y.K. Tu, M.S. Wu, J.T. Lin, H.P. Wang, K.L. Chien, Blood glucose
concentration and risk of pancreatic cancer: systematic review and dose-response
meta-analysis, BMJ 350 (2015) g7371.

[40] Y. Pang, C. Kartsonaki, Y. Guo, F. Bragg, L. Yang, Z. Bian, Y. Chen, A. Iona,
I.Y. Millwood, J. Lv, C. Yu, J. Chen, L. Li, M.V. Holmes, Z. Chen, Diabetes, plasma
glucose and incidence of pancreatic cancer: a prospective study of 0.5 million
Chinese adults and a meta-analysis of 22 cohort studies, Int. J. Cancer 140 (2017)
(1781-1788).

[41] S. Rahn, V. Zimmermann, F. Viol, H. Knaack, K. Stemmer, L. Peters, L. Lenk,
H. Ungefroren, D. Saur, H. Schafer, O. Helm, S. Sebens, Diabetes as risk factor for
pancreatic cancer: Hyperglycemia promotes epithelial-mesenchymal-transition
and stem cell properties in pancreatic ductal epithelial cells, Cancer Lett. 415

S. Paternoster and M. Falasca BBA - Reviews on Cancer 1873 (2020) 188326

8

http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0005
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0005
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0010
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0010
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0015
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0015
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0020
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0025
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0030
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0030
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0030
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0035
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0035
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0035
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0035
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0040
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0040
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0040
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0040
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0040
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0040
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0040
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0040
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0040
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0045
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0045
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0045
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0050
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0050
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0050
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0055
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0055
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0055
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0060
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0060
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0060
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0060
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0060
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0065
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0065
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0065
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0065
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0070
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0070
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0070
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0075
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0075
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0075
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0075
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0080
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0080
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0080
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0080
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0085
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0085
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0085
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0085
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0085
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0085
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0090
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0090
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0090
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0090
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0090
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0095
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0095
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0095
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0095
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0100
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0100
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0100
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0105
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0105
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0105
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0110
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0110
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0115
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0115
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0115
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0120
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0120
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0120
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0120
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0125
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0125
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0125
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0125
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0125
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0125
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0130
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0130
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0130
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0135
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0135
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0135
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0140
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0140
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0140
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0140
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0145
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0145
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0145
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0150
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0150
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0150
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0155
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0155
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0155
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0155
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0155
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0155
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0160
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0160
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0160
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0160
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0165
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0165
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0165
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0170
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0170
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0170
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0170
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0170
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0170
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0170
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0170
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0170
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0175
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0175
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0175
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0175
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0175
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0175
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0175
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0175
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0175
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0175
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0175
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0180
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0180
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0180
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0185
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0185
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0190
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0190
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0190
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0195
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0195
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0195
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0195
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0195
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0200
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0200
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0200
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0200


(2018) 129–150.
[42] C.M. Hu, S.C. Tien, P.K. Hsieh, Y.M. Jeng, M.C. Chang, Y.T. Chang, Y.J. Chen,

Y.J. Chen, E.Y.P. Lee, W.H. Lee, High glucose triggers nucleotide imbalance
through O-GlcNAcylation of key enzymes and induces KRAS mutation in pan-
creatic cells, Cell Metab. 29 (2019) (1334–1349.e1310).

[43] W. Lee, Y.S. Yoon, H.S. Han, J.Y. Cho, Y. Choi, J.Y. Jang, H. Choi, Prognostic
relevance of preoperative diabetes mellitus and the degree of hyperglycemia on
the outcomes of resected pancreatic ductal adenocarcinoma, J. Surg. Oncol. 113
(2016) 203–208.

[44] Y. Zhou, W. Li, J. Zhou, J. Chen, X. Wang, M. Cai, F. Li, W. Xu, P.O. Carlsson,
Z. Sun, Lipotoxicity reduces beta cell survival through islet stellate cell activation
regulated by lipid metabolism-related molecules, Exp. Cell Res. 380 (2019) 1–8.

[45] S.L. Liu, S.G. Cao, Y. Li, B. Sun, D. Chen, D.S. Wang, Y.B. Zhou, Pancreatic stellate
cells facilitate pancreatic cancer cell viability and invasion, Oncol. Lett. 17 (2019)
2057–2062.

[46] A.J. Marzoq, S.A. Mustafa, L. Heidrich, J.D. Hoheisel, M.S.S. Alhamdani, Impact of
the secretome of activated pancreatic stellate cells on growth and differentiation of
pancreatic tumour cells, Sci. Rep. 9 (2019) 5303.

[47] E. Lee, G.R. Ryu, S.H. Ko, Y.B. Ahn, K.H. Song, A role of pancreatic stellate cells in
islet fibrosis and beta-cell dysfunction in type 2 diabetes mellitus, Biochem.
Biophys. Res. Commun. 485 (2017) 328–334.

[48] A.P.M. Canton, C.E. Seraphim, V.N. Brito, A.C. Latronico, Pioneering studies on
monogenic central precocious puberty, Archiv. Endocrinol. Metabolism 63 (2019)
438–444.

[49] T. Tsujimoto, H. Kajio, T. Sugiyama, Association between hyperinsulinemia and
increased risk of cancer death in nonobese and obese people: a population-based
observational study, Int. J. Cancer 141 (2017) 102–111.

[50] J. Yang, R.T. Waldron, H.Y. Su, A. Moro, H.H. Chang, G. Eibl, K. Ferreri,
F.R. Kandeel, A. Lugea, L. Li, S.J. Pandol, Insulin promotes proliferation and fi-
brosing responses in activated pancreatic stellate cells, Am. J. Physiol.
Gastrointest. Liver Physiol. 311 (2016) G675–g687.

[51] M.H. Lima, A.M. Caricilli, L.L. de Abreu, E.P. Araujo, F.F. Pelegrinelli,
A.C. Thirone, D.M. Tsukumo, A.F. Pessoa, M.F. dos Santos, M.A. de Moraes,
J.B. Carvalheira, L.A. Velloso, M.J. Saad, Topical insulin accelerates wound
healing in diabetes by enhancing the AKT and ERK pathways: a double-blind
placebo-controlled clinical trial, PLoS One 7 (2012) e36974.

[52] J.A. Teng, S.G. Wu, J.X. Chen, Q. Li, F. Peng, Z. Zhu, J. Qin, Z.Y. He, The activation
of ERK1/2 and JNK MAPK signaling by insulin/IGF-1 is responsible for the de-
velopment of colon cancer with type 2 diabetes mellitus, PLoS One 11 (2016)
e0149822.

[53] M. Ligorio, S. Sil, J. Malagon-Lopez, L.T. Nieman, S. Misale, M. Di Pilato,
R.Y. Ebright, M.N. Karabacak, A.S. Kulkarni, A. Liu, N. Vincent Jordan,
J.W. Franses, J. Philipp, J. Kreuzer, N. Desai, K.S. Arora, M. Rajurkar, E. Horwitz,
A. Neyaz, E. Tai, N.K.C. Magnus, K.D. Vo, C.N. Yashaswini, F. Marangoni,
M. Boukhali, J.P. Fatherree, L.J. Damon, K. Xega, R. Desai, M. Choz, F. Bersani,
A. Langenbucher, V. Thapar, R. Morris, U.F. Wellner, O. Schilling, M.S. Lawrence,
A.S. Liss, M.N. Rivera, V. Deshpande, C.H. Benes, S. Maheswaran, D.A. Haber,
C. Fernandez-Del-Castillo, C.R. Ferrone, W. Haas, M.J. Aryee, D.T. Ting, Stromal
microenvironment shapes the intratumoral architecture of pancreatic cancer, Cell
178 (2019) (160–175.e127).

[54] B. Wlodarczyk, A. Gasiorowska, A. Borkowska, E. Malecka-Panas, Evaluation of
insulin-like growth factor (IGF-1) and retinol binding protein (RBP-4) levels in
patients with newly diagnosed pancreatic adenocarcinoma (PDAC), Pancreatology
17 (2017) 623–628.

[55] K.I. Ozaki, M. Awazu, M. Tamiya, Y. Iwasaki, A. Harada, S. Kugisaki, S. Tanimura,
M. Kohno, Targeting the ERK signaling pathway as a potential treatment for in-
sulin resistance and type 2 diabetes, Am. J. Physiol. Endocrinol. Metab. 310
(2016) E643–e651.

[56] M. Boniol, M. Franchi, M. Bota, A. Leclercq, J. Guillaume, N. van Damme,
G. Corrao, P. Autier, P. Boyle, Incretin-based therapies and the short-term risk of
pancreatic cancer: results from two retrospective cohort studies, Diabetes Care 41
(2018) 286–292.

[57] A. Sharma, T.C. Smyrk, M.J. Levy, M.A. Topazian, S.T. Chari, Fasting blood glu-
cose levels provide estimate of duration and progression of pancreatic cancer
before diagnosis, Gastroenterology 155 (2018) (490–500.e492).

[58] R.P. Sah, A. Sharma, S. Nagpal, S.H. Patlolla, A. Sharma, H. Kandlakunta,
V. Anani, R.S. Angom, A.K. Kamboj, N. Ahmed, S. Mohapatra, S. Vivekanandhan,
K.A. Philbrick, A. Weston, N. Takahashi, J. Kirkland, N. Javeed, A. Matveyenko,
M.J. Levy, D. Mukhopadhyay, S.T. Chari, Phases of metabolic and soft tissue
changes in months preceding a diagnosis of pancreatic ductal adenocarcinoma,
Gastroenterology 156 (2019) 1742–1752.

[59] A.M. Mueller, C.R. Meier, S.S. Jick, C. Schneider, Weight change and blood glucose
concentration as markers for pancreatic cancer in subjects with new-onset diabetes
mellitus: a matched case-control study, Pancreatology 19 (2019) 578–586.

[60] P.A. Hart, E. Baichoo, Y. Bi, A. Hinton, Y.C. Kudva, S.T. Chari, Pancreatic poly-
peptide response to a mixed meal is blunted in pancreatic head cancer associated
with diabetes mellitus, Pancreatology 15 (2015) 162–166.

[61] J. Skrha, P. Busek, J. Uhrova, P. Hrabal, K. Kmochova, M. Laclav, B. Bunganic,
P. Fric, Lower plasma levels of glucose-dependent insulinotropic peptide (GIP) and
pancreatic polypeptide (PP) in patients with ductal adenocarcinoma of the pan-
creas and their relation to the presence of impaired glucoregulation and weight
loss, Pancreatology 17 (2017) 89–94.

[62] J. Lee, E.R. Snyder, Y. Liu, X. Gu, J. Wang, B.M. Flowers, Y.J. Kim, S. Park,
G.L. Szot, R.H. Hruban, T.A. Longacre, S.K. Kim, Reconstituting development of
pancreatic intraepithelial neoplasia from primary human pancreas duct cells, Nat.
Commun. 8 (2017) 14686.

[63] P. Busek, Z. Vanickova, P. Hrabal, M. Brabec, P. Fric, M. Zavoral, J. Skrha,
K. Kmochova, M. Laclav, B. Bunganic, K. Augustyns, P. Van Der Veken, A. Sedo,
Increased tissue and circulating levels of dipeptidyl peptidase-IV enzymatic ac-
tivity in patients with pancreatic ductal adenocarcinoma, Pancreatology 16 (2016)
829–838.

[64] M. Murakami, Y. Nagai, A. Tenjin, Y. Tanaka, Proposed cut-off value of CA19-9 for
detecting pancreatic cancer in patients with diabetes: a case-control study, Endocr.
J. 65 (2018) 639–643.

[65] K.E. Poruk, D.Z. Gay, K. Brown, J.D. Mulvihill, K.M. Boucher, C.L. Scaife,
M.A. Firpo, S.J. Mulvihill, The clinical utility of CA 19-9 in pancreatic adeno-
carcinoma: diagnostic and prognostic updates, Curr. Mol. Med. 13 (2013)
340–351.

[66] M. Petruzzelli, M. Schweiger, R. Schreiber, R. Campos-Olivas, M. Tsoli, J. Allen,
M. Swarbrick, S. Rose-John, M. Rincon, G. Robertson, R. Zechner, E.F. Wagner, A
switch from white to brown fat increases energy expenditure in cancer-associated
cachexia, Cell Metab. 20 (2014) 433–447.

[67] L. Nemer, S.G. Krishna, Z.K. Shah, D.L. Conwell, Z. Cruz-Monserrate, M. Dillhoff,
D.C. Guttridge, A. Hinton, A. Manilchuk, T.M. Pawlik, C.R. Schmidt, E.E. Talbert,
T. Bekaii-Saab, P.A. Hart, Predictors of pancreatic cancer-associated weight loss
and nutritional interventions, Pancreas 46 (2017) 1152–1157.

[68] T. Mitchell, L. Clarke, A. Goldberg, K.S. Bishop, Pancreatic cancer cachexia: the
role of nutritional interventions, Healthcare (Basel, Switzerland) 7 (2019).

[69] M. Petruzzelli, E.F. Wagner, Mechanisms of metabolic dysfunction in cancer-as-
sociated cachexia, Genes Dev. 30 (2016) 489–501.

[70] V.E. Baracos, L. Martin, M. Korc, D.C. Guttridge, K.C.H. Fearon, Cancer-associated
cachexia, Nature reviews, Dis. Primers 4 (2018) 17105.

[71] E. Jian-Yu, J.M. Graber, S.E. Lu, Y. Lin, G. Lu-Yao, X.L. Tan, Effect of metformin
and statin use on survival in pancreatic cancer patients: a systematic literature
review and meta-analysis, Curr. Med. Chem. 25 (2018) 2595–2607.

[72] E.E. Talbert, M.C. Cuitino, K.J. Ladner, P.V. Rajasekerea, M. Siebert, R. Shakya,
G.W. Leone, M.C. Ostrowski, B. Paleo, N. Weisleder, P.J. Reiser, A. Webb,
C.D. Timmers, D.S. Eiferman, D.C. Evans, M.E. Dillhoff, C.R. Schmidt,
D.C. Guttridge, Modeling human cancer-induced cachexia, Cell Rep. 28 (2019)
(1612–1622.e1614).

[73] A.M.Y. Zhang, J. Magrill, T.J.J. de Winter, X. Hu, S. Skovso, D.F. Schaeffer,
J.L. Kopp, J.D. Johnson, Endogenous hyperinsulinemia contributes to pancreatic
cancer development, Cell Metab. 30 (2019) 403–404.

[74] C.H. Shin, D.S. Choi, Essential roles for the non-canonical IkappaB kinases in
linking inflammation to cancer, obesity, and diabetes, Cells 8 (2019).

[75] R. Xu, A. Rai, M. Chen, W. Suwakulsiri, D.W. Greening, R.J. Simpson, Extracellular
vesicles in cancer - implications for future improvements in cancer care, Nat. Rev.
Clin. Oncol. 15 (2018) 617–638.

[76] Y. Zhang, S. Huang, P. Li, Q. Chen, Y. Li, Y. Zhou, L. Wang, M. Kang, B. Zhang,
B. Yang, X. Dong, Y. Wu, Pancreatic cancer-derived exosomes suppress the pro-
duction of GIP and GLP-1 from STC-1cells in vitro by down-regulating the PCSK1/
3, Cancer Lett. 431 (2018) 190–200.

[77] M.H. Kim, J.H. Jee, S. Park, M.S. Lee, K.W. Kim, M.K. Lee, Metformin enhances
glucagon-like peptide 1 via cooperation between insulin and Wnt signaling, J.
Endocrinol. 220 (2014) 117–128.

[78] S. Nakamura, Y. Sadakari, T. Ohtsuka, T. Okayama, Y. Nakashima, Y. Gotoh,
K. Saeki, Y. Mori, K. Nakata, Y. Miyasaka, H. Onishi, Y. Oda, M. Goggins,
M. Nakamura, Pancreatic juice exosomal microRNAs as biomarkers for detection
of pancreatic ductal adenocarcinoma, Ann. Surg. Oncol. 26 (2019) 2104–2111.

[79] G. Sagar, R.P. Sah, N. Javeed, S.K. Dutta, T.C. Smyrk, J.S. Lau, N. Giorgadze,
T. Tchkonia, J.L. Kirkland, S.T. Chari, D. Mukhopadhyay, Pathogenesis of pan-
creatic cancer exosome-induced lipolysis in adipose tissue, Gut 65 (2016)
1165–1174.

[80] F. Kong, L. Li, Y. Du, H. Zhu, Z. Li, X. Kong, Exosomal adrenomedullin derived
from cancer-associated fibroblasts promotes lipolysis in adipose tissue, Gut 67
(2018) 2226–2227.

[81] N. Javeed, G. Sagar, S.K. Dutta, T.C. Smyrk, J.S. Lau, S. Bhattacharya, M. Truty,
G.M. Petersen, R.J. Kaufman, S.T. Chari, D. Mukhopadhyay, Pancreatic cancer-
derived exosomes cause paraneoplastic beta-cell dysfunction, Clin. Cancer Res. 21
(2015) 1722–1733.

[82] R.M. Thomas, R.Z. Gharaibeh, J. Gauthier, M. Beveridge, J.L. Pope, M.V. Guijarro,
Q. Yu, Z. He, C. Ohland, R. Newsome, J. Trevino, S.J. Hughes, M. Reinhard,
K. Winglee, A.A. Fodor, M. Zajac-Kaye, C. Jobin, Intestinal microbiota enhances
pancreatic carcinogenesis in preclinical models, Carcinogenesis 39 (2018)
1068–1078.

[83] L.T. Geller, M. Barzily-Rokni, T. Danino, O.H. Jonas, N. Shental, D. Nejman,
N. Gavert, Y. Zwang, Z.A. Cooper, K. Shee, C.A. Thaiss, A. Reuben, J. Livny,
R. Avraham, D.T. Frederick, M. Ligorio, K. Chatman, S.E. Johnston, C.M. Mosher,
A. Brandis, G. Fuks, C. Gurbatri, V. Gopalakrishnan, M. Kim, M.W. Hurd, M. Katz,
J. Fleming, A. Maitra, D.A. Smith, M. Skalak, J. Bu, M. Michaud, S.A. Trauger,
I. Barshack, T. Golan, J. Sandbank, K.T. Flaherty, A. Mandinova, W.S. Garrett,
S.P. Thayer, C.R. Ferrone, C. Huttenhower, S.N. Bhatia, D. Gevers, J.A. Wargo,
T.R. Golub, R. Straussman, Potential role of intratumor bacteria in mediating
tumor resistance to the chemotherapeutic drug gemcitabine, Science (New York,
N.Y.) 357 (2017) 1156–1160.

[84] S. Pushalkar, M. Hundeyin, D. Daley, C.P. Zambirinis, E. Kurz, A. Mishra,
N. Mohan, B. Aykut, M. Usyk, L.E. Torres, G. Werba, K. Zhang, Y. Guo, Q. Li,
N. Akkad, S. Lall, B. Wadowski, J. Gutierrez, J.A. Kochen Rossi, J.W. Herzog,
B. Diskin, A. Torres-Hernandez, J. Leinwand, W. Wang, P.S. Taunk, S. Savadkar,
M. Janal, A. Saxena, X. Li, D. Cohen, R.B. Sartor, D. Saxena, G. Miller, The pan-
creatic cancer microbiome promotes oncogenesis by induction of innate and
adaptive immune suppression, Cancer Discov. 8 (2018) 403–416.

S. Paternoster and M. Falasca BBA - Reviews on Cancer 1873 (2020) 188326

9

http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0200
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0205
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0205
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0205
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0205
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0210
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0210
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0210
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0210
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0215
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0215
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0215
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0220
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0220
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0220
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0225
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0225
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0225
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0230
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0230
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0230
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0235
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0235
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0235
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0240
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0240
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0240
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0245
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0245
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0245
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0245
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0250
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0250
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0250
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0250
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0250
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0255
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0255
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0255
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0255
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0260
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0260
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0260
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0260
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0260
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0260
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0260
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0260
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0260
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0260
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0265
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0265
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0265
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0265
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0270
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0270
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0270
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0270
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0275
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0275
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0275
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0275
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0280
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0280
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0280
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0285
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0285
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0285
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0285
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0285
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0285
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0290
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0290
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0290
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0295
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0295
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0295
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0300
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0300
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0300
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0300
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0300
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0305
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0305
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0305
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0305
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0310
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0310
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0310
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0310
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0310
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0315
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0315
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0315
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0320
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0320
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0320
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0320
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0325
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0325
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0325
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0325
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0330
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0330
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0330
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0330
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0335
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0335
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0340
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0340
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0345
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0345
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0350
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0350
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0350
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0355
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0355
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0355
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0355
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0355
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0360
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0360
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0360
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0365
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0365
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0370
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0370
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0370
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0375
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0375
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0375
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0375
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0380
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0380
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0380
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0385
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0385
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0385
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0385
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0390
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0390
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0390
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0390
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0395
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0395
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0395
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0400
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0400
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0400
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0400
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0405
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0405
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0405
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0405
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0405
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0410
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0410
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0410
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0410
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0410
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0410
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0410
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0410
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0410
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0410
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0415
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0415
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0415
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0415
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0415
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0415
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0415


[85] H. Lu, Z. Ren, A. Li, J. Li, S. Xu, H. Zhang, J. Jiang, J. Yang, Q. Luo, K. Zhou,
S. Zheng, L. Li, Tongue coating microbiome data distinguish patients with pan-
creatic head cancer from healthy controls, J. Oral Microbiol. 11 (2019) 1563409.

[86] C. Panebianco, K. Adamberg, M. Jaagura, M. Copetti, A. Fontana, S. Adamberg,
K. Kolk, R. Vilu, A. Andriulli, V. Pazienza, Influence of gemcitabine chemotherapy
on the microbiota of pancreatic cancer xenografted mice, Cancer Chemother.
Pharmacol. 81 (2018) 773–782.

[87] A. Pascale, N. Marchesi, S. Govoni, A. Coppola, C. Gazzaruso, The role of gut
microbiota in obesity, diabetes mellitus, and effect of metformin: new insights into
old diseases, Curr. Opin. Pharmacol. 49 (2019) 1–5.

[88] M.Y. Wei, S. Shi, C. Liang, Q.C. Meng, J. Hua, Y.Y. Zhang, J. Liu, B. Zhang, J. Xu,
X.J. Yu, The microbiota and microbiome in pancreatic cancer: more influential
than expected, Mol. Cancer 18 (2019) 97.

[89] V.P. Balachandran, M. Luksza, J.N. Zhao, V. Makarov, J.A. Moral, R. Remark,
B. Herbst, G. Askan, U. Bhanot, Y. Senbabaoglu, D.K. Wells, C.I.O. Cary,
O. Grbovic-Huezo, M. Attiyeh, B. Medina, J. Zhang, J. Loo, J. Saglimbeni, M. Abu-
Akeel, R. Zappasodi, N. Riaz, M. Smoragiewicz, Z.L. Kelley, O. Basturk, M. Gonen,
A.J. Levine, P.J. Allen, D.T. Fearon, M. Merad, S. Gnjatic, C.A. Iacobuzio-Donahue,
J.D. Wolchok, R.P. DeMatteo, T.A. Chan, B.D. Greenbaum, T. Merghoub,
S.D. Leach, Identification of unique neoantigen qualities in long-term survivors of
pancreatic cancer, Nature 551 (2017) 512–516.

[90] E. Riquelme, Y. Zhang, L. Zhang, M. Montiel, M. Zoltan, W. Dong, P. Quesada,
I. Sahin, V. Chandra, A. San Lucas, P. Scheet, H. Xu, S.M. Hanash, L. Feng,
J.K. Burks, K.A. Do, C.B. Peterson, D. Nejman, C.D. Tzeng, M.P. Kim, C.L. Sears,
N. Ajami, J. Petrosino, L.D. Wood, A. Maitra, R. Straussman, M. Katz, J.R. White,
R. Jenq, J. Wargo, F. McAllister, Tumor microbiome diversity and composition
influence pancreatic cancer outcomes, Cell 178 (2019) (795–806.e712).

[91] R. Mendez, K. Kesh, N. Arora, L. Di Martino, F. McAllister, N. Merchant,
S. Banerjee, S. Banerjee, Microbial dysbiosis and polyamine metabolism as pre-
dictive markers for early detection of pancreatic cancer, Carcinogenesis (2019),
https://academic.oup.com/carcin/advance-article-abstract/doi/10.1093/carcin/
bgz116/5542652?redirectedFrom=fulltext.

[92] R. Liu, J. Hong, X. Xu, Q. Feng, D. Zhang, Y. Gu, J. Shi, S. Zhao, W. Liu, X. Wang,
H. Xia, Z. Liu, B. Cui, P. Liang, L. Xi, J. Jin, X. Ying, X. Wang, X. Zhao, W. Li, H. Jia,
Z. Lan, F. Li, R. Wang, Y. Sun, M. Yang, Y. Shen, Z. Jie, J. Li, X. Chen, H. Zhong,
H. Xie, Y. Zhang, W. Gu, X. Deng, B. Shen, X. Xu, H. Yang, G. Xu, Y. Bi, S. Lai,
J. Wang, L. Qi, L. Madsen, J. Wang, G. Ning, K. Kristiansen, W. Wang, Gut mi-
crobiome and serum metabolome alterations in obesity and after weight-loss in-
tervention, Nat. Med. 23 (2017) 859–868.

[93] C.J. Lee, C.L. Sears, N. Maruthur, Gut microbiome and its role in obesity and in-
sulin resistance, Ann. N. Y. Acad. Sci. (2019), https://nyaspubs.onlinelibrary.
wiley.com/doi/pdf/10.1111/nyas.14107.

[94] A. Sasaki, T. Nagatake, R. Egami, G. Gu, I. Takigawa, W. Ikeda, T. Nakatani,

J. Kunisawa, Y. Fujita, Obesity suppresses cell-competition-mediated apical
elimination of RasV12-transformed cells from epithelial tissues, Cell Rep. 23
(2018) 974–982.

[95] L. Archibugi, M. Piciucchi, S. Stigliano, R. Valente, G. Zerboni, V. Barucca,
M. Milella, P. Maisonneuve, G. Delle Fave, G. Capurso, Exclusive and combined
use of statins and aspirin and the risk of pancreatic cancer: a case-control study,
Sci. Rep. 7 (2017) 13024.

[96] L. Archibugi, P.G. Arcidiacono, G. Capurso, Statin use is associated to a reduced
risk of pancreatic cancer: a meta-analysis, Digest. Liver Dis. 51 (2019) 28–37.

[97] A. Wynn, A. Vacheron, J. Zuber, S.S. Solomon, Metformin associated with in-
creased survival in type 2 diabetes patients with pancreatic cancer and lymphoma,
Am J Med Sci 358 (2019) 200–203.

[98] M. Wei, Y. Liu, Y. Bi, Z.J. Zhang, Metformin and pancreatic cancer survival: real
effect or immortal time bias? Int. J. Cancer 145 (2019) 1822–1828.

[99] J. Cho, R. Scragg, S.J. Pandol, M.O. Goodarzi, M.S. Petrov, Antidiabetic medica-
tions and mortality risk in individuals with pancreatic cancer-related diabetes and
postpancreatitis diabetes: a nationwide cohort study, Diabetes Care 42 (2019)
1675–1683.

[100] S.K. Bhattamisra, T.C. Siang, C.Y. Rong, N.C. Annan, E.H.Y. Sean, L.W. Xi,
O.S. Lyn, L.H. Shan, H. Choudhury, M. Pandey, B. Gorain, Type-3c diabetes
mellitus, diabetes of exocrine pancreas - an update, Curr. Diabetes Rev. 15 (2019)
382–394.

[101] W. Duan, K. Chen, Z. Jiang, X. Chen, L. Sun, J. Li, J. Lei, Q. Xu, J. Ma, X. Li, L. Han,
Z. Wang, Z. Wu, F. Wang, E. Wu, Q. Ma, Z. Ma, Desmoplasia suppression by
metformin-mediated AMPK activation inhibits pancreatic cancer progression,
Cancer Lett. 385 (2017) 225–233.

[102] M. Elgendy, M. Ciro, A. Hosseini, J. Weiszmann, L. Mazzarella, E. Ferrari,
R. Cazzoli, G. Curigliano, A. DeCensi, B. Bonanni, A. Budillon, P.G. Pelicci,
V. Janssens, M. Ogris, M. Baccarini, L. Lanfrancone, W. Weckwerth, M. Foiani,
S. Minucci, Combination of hypoglycemia and metformin impairs tumor metabolic
plasticity and growth by modulating the PP2A-GSK3beta-MCL-1 axis, Cancer Cell
35 (2019) (798–815.e795).

[103] R. Buono, V.D. Longo, Starvation, stress resistance, and cancer, Trends Endocrinol
Metab 29 (2018) 271–280.

[104] A.E. Becker, Y.G. Hernandez, H. Frucht, A.L. Lucas, Pancreatic ductal adeno-
carcinoma: risk factors, screening, and early detection, World J. Gastroenterol. 20
(2014) 11182–11198.

[105] D.K. Andersen, Å. Andren-Sandberg, E.J. Duell, M. Goggins, M. Korc,
G.M. Petersen, J.P. Smith, D.C. Whitcomb, Pancreatitis-diabetes-pancreatic
cancer: summary of an NIDDK-NCI workshop, Pancreas 42 (2013) 1227–1237.

[106] Natalie C. Ward, Gerald F. Watts, Robert H. Eckel, Statin Toxicity: Mechanistic
Insights and Clinical Implications, Circul, Res. 124 (2) (2019) 328–350, https://
doi.org/10.1161/CIRCRESAHA.118.312782.

S. Paternoster and M. Falasca BBA - Reviews on Cancer 1873 (2020) 188326

10

http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0420
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0420
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0420
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0425
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0425
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0425
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0425
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0430
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0430
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0430
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0435
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0435
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0435
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0440
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0440
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0440
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0440
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0440
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0440
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0440
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0440
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0445
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0445
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0445
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0445
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0445
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0445
https://academic.oup.com/carcin/advance-article-abstract/doi/10.1093/carcin/bgz116/5542652?redirectedFrom=fulltext
https://academic.oup.com/carcin/advance-article-abstract/doi/10.1093/carcin/bgz116/5542652?redirectedFrom=fulltext
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0455
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0455
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0455
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0455
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0455
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0455
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0455
https://nyaspubs.onlinelibrary.wiley.com/doi/pdf/10.1111/nyas.14107
https://nyaspubs.onlinelibrary.wiley.com/doi/pdf/10.1111/nyas.14107
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0465
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0465
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0465
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0465
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0470
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0470
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0470
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0470
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0475
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0475
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0480
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0480
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0480
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0485
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0485
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0490
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0490
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0490
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0490
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0495
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0495
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0495
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0495
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0500
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0500
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0500
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0500
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0505
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0505
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0505
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0505
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0505
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0505
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0510
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0510
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0515
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0515
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0515
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0520
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0520
http://refhub.elsevier.com/S0304-419X(19)30088-5/rf0520
https://doi.org/10.1161/CIRCRESAHA.118.312782
https://doi.org/10.1161/CIRCRESAHA.118.312782

	The intricate relationship between diabetes, obesity and pancreatic cancer
	Introduction
	PDAC risk stratification
	Pre-clinical models
	Obesity and PDAC
	Diabetes-derived PDAC
	Diabetes as a clinical manifestation of PDAC
	Metabolic abnormalities in PDAC
	Extracellular vesicles as proxies of the tumour microenvironment
	Microbiota, immune system and pancreatic cancer
	Pancreatic cancer chemoprevention
	Conclusions
	Acknowledgements
	mk:H1_14
	Author contributions
	mk:H1_16
	References




