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Abstract

Diabetes mellitus and cancer are condi-
tions that constitute a serious problem for
the health of the world’s population, and
their co-existence in the same person is
becoming increasingly common. Glucose
metabolism and the presence of insulin in
inflammatory situations appear to be the
main factors driving this association, where
hyperinsulinemia has been shown to contri-
bute to an increase in risk of association bet-
ween type 2 diabetes and cancer. Therefore,
administering lower levels of exogenously
administered insulin to patients with type 1
diabetes would decrease their risk of deve-
loping cancer when compared to patients
with type 2 diabetes. The results from ani-
mal experiments seem promising in terms
of pharmacological treatment.

Introduction

The pancreas is a glandular organ that
lies in the upper abdomen behind the sto-
mach.! It has two functional cellular com-
partments: endocrine and exocrine.>? The
endocrine pancreas (islets of Langerhans)
makes and secretes hormones (insulin, glu-
cagon, somatostatin, pancreatic polypeptide
and ghrelin) into the blood to control energy
metabolism and storage throughout the
body. The exocrine pancreas as a part of the
gastrointestinal system makes and secretes
digestive enzymes (proteases, pancreatic
lipase and amylase) into the intestine.' It
contains acinar, ductal and centroacinar
cells. Pancreatic cord, an undifferentiated
pancreatic trunk epithelium, is present in
the early stages of embryonic development
and these cord cells proliferate and, differ-
entiate into endocrine and exocrine lineag-
es. Ductal cells remain quiescent in the
adult pancreas and constitute the flow path-
way of enzymes that are secreted from the
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acinar cells which are the most abundant
cells in the pancreas, and responsible for the
secretion of digestive enzymes.?>?

The acinar cells can be transformed into
ductal or ductal-like cells because of their
intrinsic plasticity. This condition is called
acinar-ductal metaplasia playing a role in
the process of acute-chronic pancreatitis,
and constitutes the first step in the forma-
tion of pancreatic intraepithelial neopla-
sia.2? Malignant neoplasms of the pancreas
are classified according to their cellular
characteristics: ductal, acinar and neuroen-
docrine. Macroscopic images show whether
these tumors are solid or cystic. The vast
majority of pancreatic cancers (PCs) are
infiltrating ductal adenocarcinomas.”> They
arise from various types of non-invasive
precursor lesions. Three types of precursor
lesions are found: intraductal papillary
mucinous neoplasms (IPMNs), mucinous
cystic neoplasms (MCNs) and pancreatic
intraepithelial neoplasia (PanIN). These
lesions are the precursors of invasive can-
cer.2* Cytopathologically, precursor lesions
are graded as acinar-to-ductal metaplasia
(ADM) and PanIN. PanIN is also divided
into three levels: PanIN1, PanIN2 and
PanIN3.5¢ An important feature of PC is the
presence of a dense stroma, called the
desmoplastic reaction, consisting of cellular
and fibrillar elements. The pancreatic stel-
late cells play a key role in the formation of
desmoplastic reaction by activating trans-
forming growth factor-1 (TGF-1), fibroblast
growth factor (FGF) and platelet-derived
growth factor (PDGF), and differentiation
into myofibroblasts secreting collagen and
other components of the extracellular
matrix. Pancreatic stellate cells have been
found to play a key role in pancreatic tumor
metabolism by secreting non-essential
amino acids such as alanine, which dis-
places glucose and glutamine-derived car-
bon involved in tricarboxylic acid (TCA)
cycle. In this way the dependence of the
tumor from glucose and from the nutritive

derivatives of the serum becomes
reduced.?’

The prevalence of diabetes mellitus
(DM) and cancer are increasing

worldwide.® DM is an important and serious
problem for global public health.’ Its preva-
lence is increasing worldwide, where 366
million people were diagnosed with diabe-
tes in 2011 and it is estimated to reach 552
million by 2030.!%!" DM is characterized as
poorly regulated glucose homeostasis due
to defective insulin secretion resulting in
large  fluctuations between chronic
hyperglycemia and hyperinsulinemia, due
to disregolaments in the metabolism of car-
bohydrates, fats and proteins.'? Diabetes is
caused by dysfunction or death of beta-cells
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resulting in defects in glucose homeostasis.
The two most common forms of diabetes
include type 1 diabetes (T1D) and type 2
diabetes (T2D). T1D is characterized by
deficiency in insulin secretion as a result of
autoimmune destruction of beta-cells. T2D
consists of hyperglycemia combined to
insulin resistance (IR), insufficient insulin
secretion, and incorrect glucagon secreti-
011.10’13

Previously, it has been shown that the
DM is among the risk factors for PC.'* PC
is a malignant tumor of the pancreas.
Although the defects in the ductal epithelial
cells are the most potent contributors to the
developement of PC, it has been shown that
the endocrine portion is often involved in
the developement of PC for its interaction
with the exocrine.'?

Pancreatic ductal adenocarcinoma
(PDAC) accounts for 90% of malignant
pancreatic neoplasms.? In 2015, there were
367,000 new cases in the world and
359,000 deaths occurred in the same year.
In developed countries, PDAC, which is the
fourth cause of death today, can take second
place in cancer-related deaths within the
next 20 years if appropriate treatments can-
not be developed.>!® Despite much
research, the 5-year survival rate in PDAC
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is still below 7%.17:18 The risk of developing
PC in smokers is three times higher than in
non-smokers and 5-10% of patients have
familial history.? Together with age, chronic
pancreatitis and T2D, the disease progresses
painlessly.'” Most patients remain asympto-
matic until complications with distant
metastases.’

Association of type 2 diabetes
and pancreatic cancer

Pancreatic cancer (PC) is usually
asymptomatic in early periods. Since there
is no accurate screening biomarker, popula-
tion-based PC screening is not currently
available.? Body Mass Index (BMI-kg/m?)
with modifiable risk factors, smoking and
obesity, height and waist-to-hip ratio should
also be considered as risk factors.?-2

There are also metabolic conditions in
which obesity is associated: hypercholes-
terolemia, hyperglycemia, IR and T2D.
Cholesterol intake, high glucose levels,
hyperinsulinemia and T2D status have all
been determined as potential pancreatic
cancer risk factors.20-5-2

Type 2 diabetes mellitus (T2D) is asso-
ciated with hyperglycemia and a risk to
develop PDAC. Cancer stem cells (CSCs)
are crucial for initiation and maintenance of
tumors, and acquisition of CSC-features is
linked to epithelial-mesenchymal-transition
(EMT). Hyperglycemia might promote the
acquisition of mesenchymal and CSC-pro-
perties in premalignant and malignant pan-
creatic ductal epithelial cells (PDEC) by
activating transforming growth factor-f3
(TGF-B) signaling and explain how T2D
facilitates pancreatic tumorigenesis.*

Majority of patients with PC exhibit
altered glucose metabolism.!> Metabolic
and inflammatory factors correlated with
long-term insulin resistance may play a role
in tumorigenesis and its progression.” The
tumor formation requires a certain environ-
ment to be realized. High levels of insulin
production commonly occuring in the con-
text of T2D generates a suitable environ-
ment causing cell growth and proliferation
of blood vessels in the pancreas.!* Due to
the lower exposure to insulin with only exo-
genous administration of insulin, patients
with TID appear to be at lower risk for
PC.3! DM has been shown to be both a risk
factor and a consequence of PC.323

The reciprocity between T2D and PC is
not yet certain,'3* but it has been shown
that the progression of the cancerous state is
affected by T2D that contributes to enlarge-
ment of the pancreatic duct and tumor
size."3
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Structural components in the
association of type 2 diabetes and
pancreatic carcinogenesis

Fluctuations between hyperinsulinemia
and hyperglycemia resulting in insulin
resistance and chronic inflammation gene-
rate an environment driving the association
between DM and PC."? The determinants of
the carcinogenic process include the initia-
tion, promotion and progression stages of
disease. !

Reactive oxygen species (ROS) are pro-
duced in excess in IR patients which can
result in DNA damage and increase risk of
mutagenesis and carcinogenesis.!*¥* An
excessive amount of ROS production can
kill cancer cells, but the moderate concen-
trations stimulate tumor progression by pro-
moting cell proliferation, survival, invasion
and metastasis.’3’

Additionally, the risk of malignancy is
high in case of insulin resistance caused by
hyperinsulinemia. There are results that
support the notion that obesity and insulin
pathway play a direct role in PC. According
to the connection between the results and
the hypothesis, obesity causes increased
insulin levels and the risk of hyperinsuline-
mia. Thus, insulin-like growth factor-bind-
ing proteins (IGFBPs) decrease, but circu-
lating insulin-like growth factor 1 (IGF1)
levels increase.20-38-40

Both insulin and IGF1 are promoters of
cell proliferation and inhibition of apoptosis
in tumor cells.20-38:41-43

It is proposed that the hyperinsulinemia
effects on IGF-1 may contribute indirectly
to tumor progression. The affinity for both
the insulin receptor and IGF-1 receptor
(IGF-1R) is the same for both insulin and

Insulin Q

IGF-1. However, insulin’s affinity for the
insulin receptor is much greater than for
IGF-1R.# IGF-1 and IGF1R have powerful
mitogenic and anti-apoptotic trends and
hyperinsulinemia in an insulin resistant
environment can strengthen this impact.
The cancer-insulin hypothesis concludes
that concentrations of IGFBP-1 and -2 are
reduced because of chronic hyperinsuline-
mia. Therefore IGF-1 is present in the tissu-
es increasing the risk of the development of
cancer. An excessive expression of recep-
tors for IGF-1 and insulin are seen in tumor
cells, resulting in decreased hepatic produc-
tion of IGFBP-1 and -2 and increased circu-
latory levels of active IGF-1. Therefore,
there is an overall decrease in the growth
stimulation cancer cells expressing these
receptors. However, hyperinsulinemia
resulting from IR can occur years before the
diagnosis of diabetes. There are two possib-
le pathways that can be activated after the
insulin connection to its receptors: metabo-
lic and mitogenic.!3:3344-47

Metabolic pathway

The phosphatidylinositol 3-kinase/AKT
(PI3K/AKT) pathway is one in which are
regulated glucose, protein, and lipid meta-
bolism (Figure 1).4%4 Insulin binds to the
insulin receptor and PI3K engages with the
plasma membrane, it’s phosphorylated and
activated by the insulin receptor substrate
(IRS) adapter proteins, there is an increased
production of phosphatidylinositol-3,4,5-
triphosphate (PIP3), and the consequent
activation of the 3 phosphoinositide-depen-
dent protein kinase 1 (PDK1) and AKT. The
PI3K/AKT pathway is negatively regulated

Insulin Receptor
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Figure 1. The metabolic pathway stimulated by the activated insulin receptors. Reprinted
by permission from Springer Nature: Vigneri R, Goldfine ID, Frittitta L, Insulin, insulin
receptors, and cancer. Journal of Endocrinological Investigation 2016;39(12).
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by the lipid phosphatase PTEN (phosphata-
se and tensin homolog encoded on chromo-
some 10 gene) that dephosphorylates PIP3.
Other factors that play role in glucose upta-
ke and translocation of glucose transporter
4 (GLUT4) to the plasma membrane (Rab
GTPase-activating  protein), glycogen
synthesis (glycogen synthetase kinase 3,
GSK3), transcription gene (forkhead box O
transcription factors, FoxO), and ribosome
biogenesis (tuberous sclerosis complex,
TSC1 / TSC2 and mammalian target of
rapamycin, mTOR) are phosphorylated and
activated by AKT.*

Mitogenic pathway

The mitogenic pathway that causes cell
proliferation is also stimulated by the acti-
vated insulin receptor. The RAS/RAF/mito-
gen-activated protein kinase kinase/extra-
cellular signal-regulated kinases
(RAS/RAF/MEK/ERK) cascade of the
insulin receptor is activated by insulin.
Then occurs the activation of GTPase Ras,
and subsequently isoforms of RAF and
MEK1/2 [mitogen-activated protein kinase
kinases (MAPKKs)] and ERK1/2 mitogen-
activated protein kinase (MAPKSs). The
cytosolic proteins are phosphorylated by
ERK1/2, which would then migrate to the
nucleus where they regulate gene expressi-
on and cell growth. The resultant effects
depend on whether insulin that binds to the
receptor-A or -B. Nonetheless, receptor A is
responsible for the phosphorylation of intra-
cellular substrates in response to insulin and
IGF-2 with quantitative and temporal diffe-
rences (Figure 2).4830-53

Effects of insulin resistance on
metabolic and mitogenic
pathways

Insulin resistance (IR) inhibits the meta-
bolic pathway. In this pathway, we see the
increase in glucose transport into cells, sti-
mulation of glycogen synthesis, and supp-
ression of gluconeogenesis in the liver. On
the other hand, IR does not inhibit the acti-
vity of the mitogenic pathway that leads to
the proliferation of normal and tumor cells.
When the hyperinsulinemia becomes chro-
nic, it results in changes to IGFBP resulting
in increased IGF-1 and -2 in tissues. Insulin
is a mitogenic growth hormone and diabetes
in association with tumor cells express
receptors for insulin and IGF-1. Insulin
suppresses IGFBP-1 resulting in elevated
levels of IGF-1.133*57IGF-1R and IGF-1 are
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expressed at high levels in PC cells. IGF-1-
mediated signal transduction reduces apop-
tosis in PC cells and stimulates the activati-
on of intracellular signaling pathways such
as RAS/RAF/MAPK and PI3K/AKT/ mam-
malian target of rapamycin (mTOR).
Failure of downstream GLUT4 translocati-
on is seen in IR. Insulin promotes cell
growth and protein synthesis through the
protein kinase B (PKB) and mTOR path-
ways, but the effects of the pathways are
weaker than that of IGF-1. By abnormal
phosphorylation of IRS-1, the metabolic
pathway in hyperinsulinemia is debilitated.
The expression of IRS-2 occurred for the
phosphorylation of extracellular signal due
to increase in activation of regulated kinase
causes (ERK). MAPK remains intact becau-
se it belongs to the mitogenic pathway thro-
ugh RAS and mTOR. Mitogenic pathway
with hyperinsulinism causes cell growth
and survival. It is hypothesized that in the
relationship between T2D and PC, IR and
consequently hyperinsulinemia can support
the growth of cancer cells. Visceral adipo-
sity, inflammation, hyperglycemia and
hyperinsulinemia increase IRS levels by sti-
mulating the phosphorylation of RAS sig-
naling proteins and the growth and prolife-
ration of cancer cells. PI3K signaling in IRS
association is inhibited by IR and the follo-
wing GLUT4 translocation is interrupted.
The signal dysfunction causes involve-
ment of the mitogenic pathway. Most tumor

cells express insulin and IGF-1R. The insu-
lin receptor stimulates tumor cell prolifera-
tion and metastasis. Glucose uptake is high
in cancer cells, and insulin receptor does not
play any role in glucose binding. This fact
implies that activation of the insulin recep-
tor may be in connection with mitogenesis
and cell survival rather than with glucose
reuptake. When IGF-1Rs interact with their
ligands by phosphorylation of adapter pro-
teins, multiple signaling pathways are acti-
vated. The initial kinase depends on the fol-
lowing signaling pathways. When these sig-
naling pathways are activated it is the proli-
feration, protection from apoptosis, invasi-
on and metastasis of cancer cells.!3:46.58-63

Effect of hyperglycemia on
pancreatic cancer

Presence of high levels of circulatory
glucose can support the growth of malig-
nant cells. Hyperglycemia is associated
with increased formation of free radicals
leading to the development of advanced
glycation end products (AGEs). High
HbAlc and hyperglycemic levels cause an
increased risk of pancreatic cancer. It is tho-
ught that the metabolic pathways including
the polyol pathway, glucose auto-oxidation,
lipid peroxidation have inducing properties
for the proliferation and mitogenesis. It is

Different effects induced by Insulin or IGF-2
through the same Receptor (IR-A)
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Figure 2. The mitogenic pathway that causes cell proliferation is stimulated by the acti-
vated insulin receptor. Reprinted by permission from Springer Nature: Vigneri R,
Goldfine ID, Frittitta L, Insulin, insulin receptors, and cancer. Journal of

Endocrinological Investigation 2016;39(12).
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believed that activation of these pathways
are ROS dependent in the developement of
PC.13‘64-67

The pathogenesis of cancer metastasis
is complex and not fully understood. /n
vitro studies have shown that the high glu-
cose (HG) can accelerate and increase cell
proliferation through increased epidermal
growth factor (EGF) / EGFR signaling.323
Hyperglycemia may worsen the prognosis
of the PC by increasing the migratory and
invasive capacity through the production of
hydrogen peroxide (H,0,), which could be
modulated by the expression of superoxide
dismutase (SOD) through the activation of
ERK and p38 MAPK that are signaling
pathways. It has also been shown that DM
increases perineural invasion in PC patients
which aggravates the prognosis.3268-70

Furthermore, EMT is formed during
embryogenesis directing polarized epitheli-
al cells to have a mesenchymal phenotype,
and migratory and invasive greater
capacity.’>** EMT is characterized by repor-
ted decreases in E-cadherin cell-cell adhesi-
on expression levels and detection of
mesenchymal markers such as vimentin and
N-cadherin resulting in cell morphology
changes as well as advanced cell moti-
lity.3>"! The production of H,0, can support
EMT in the developement of PC, with con-
sequent increase of the motility and the
invasion through the activation of the ERK
signaling pathway.’>”> However, it still
remains unclear if hyperglycemia might
affect EMT PC.*

Inflammation and pancreatic
cancer

Inflammatory cytokines, ROS, cyclo-
oxygenase-2 (COX-2) and nuclear factor
kappa B (NF-kB) are mediators of the
inflammatory pathway. They are found to
be in association with the expression of
oncogenes, silencing of the tumor suppres-
sor genes, and be involved to influence the
cell cycle.'37374 All these can facilitate car-
cinogenesis of pancreas.

Treatment options and survival

Surgical resection is potentially the only
treatment option. But this tumor has early
local diffusion and metastases to distant
organs. In the majority of patients clinical
diagnosis is no longer possible to surgically
resection. As a matter of fact, 80% of the
patients are diagnosed locally advanced or
metastasized. In these patients the disease
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shows a rapid progression and very few can
live longer than a year. Even if the disease
is localized during the diagnosis and radical
surgical intervention is performed, the aver-
age survival rate is as short as 18
months?737¢ with the 5-year rate less than
7%.577 Despite the fact that the biology of
PDAC is basically known, because of the
absence of specific biomarker deficiency
for early diagnosis, rapid local invasion and
early metastases, limited proportion of
patients undergoing surgical resection for
treatment (15-20%), and resistance to treat-
ments such as chemotherapy, radiotherapy,
molecular  targeted therapy and
immunotherapy, there has been no change
in the survival period for the past thirty
years, so new ways of treatment strategies
should be sought.?

Pancreatic adenocarcinoma (PDAC)
can metastasize to any organ.”*% These
metastases occur via hematogenous, lym-
phogenic and perineural or directly intra-
cavitary distribution.”$-8

After resection for PDAC, recurrence of
disease first manifests itself as pulmonary
metastases. These metastases are identified
as oligometastases, isolated multiple metas-
tases, or metastatic metastases to other
organs. The prognosis of metachronous
lung metastases after resection is better than
other metastatic diseases.”

Studies using genetically engineered
mouse models have also provided important
information about the onset and progression
of pancreatic cancer, as well as the preven-
tion and treatment.>® Oncogenic Kras-
mediated and cerulein-induced mouse
model of chronic pancreatitis in LSL-
KrasG12D; Pdx1-Cre (KC) mice, as well as
LSL-KrasG12D/+; Trp53fl / +; Pdx1-Cre
(KPC) were used to investigate the preven-
tive and therapeutic effects of metformin. A
delayed formation of precursor lesions and
impaired tumor progression were observed
following metformin treatment . It is known
that oncogenic Kras-mediated PDAC
mouse models recapitulate tumor onset and
progression from ADM to mPanINs and
eventually to invasive pancreatic cancer.
Metformin intake led to delayed pancreatic
tumorigenesis in the KC mouse model, rep-
resented by a low percentage of early lesi-
ons [ADM and murine pancreatic intraepit-
helial neoplasial(mPanIN1)] and late
mPanIN lesions (mPanIN2 and mPanIN3).

Conclusions

The relationship between diabetes and
the PC is very complex. Previously, some
epidemiological studies reported that it is

[Translational Medicine Reports 2018; 2:7002]

not possible for long-standing DM to be a
risk factor for PC. However, the more
recent studies examining the onset of DM
suggest its contribution to carcinogenesis.

It has also been shown that long-lasting
diabetes is a causal factor for PC, and the
onset of diabetes is its revelation. Therefore,
the relationship between the two are not yet
clear. It has been shown that the duration of
diabetes resulting in an environment domi-
nated by factors such as hyperinsulinemia,
IR, high levels of circulating IGFs,
hyperglycemia, and chronic inflammation
are responsible of metabolic link between
the diseases driving the consequent state of
pancreatic carcinogenesis. However, the
results from animal experiments seem pro-
mising in terms of treatment.
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