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Abstract

Type 2 diabetes mellitus is likely the third modifiable risk factor for pancreatic cancer after
cigarette smoking and obesity. Epidemiological investigations have found that long-term type 2
diabetes mellitus is associated with a 1.5- to 2.0-fold increase in the risk of pancreatic cancer. A
causal relationship between diabetes and pancreatic cancer is also supported by findings from
prediagnostic evaluations of glucose and insulin levels in prospective studies. Insulin resistance
and associated hyperglycemia, hyperinsulinemia, and inflammation have been suggested to be the
underlying mechanisms contributing to development of diabetes-associated pancreatic cancer.
Signaling pathways that regulate the metabolic process also play important roles in cell
proliferation and tumor growth. Use of the antidiabetic drug metformin has been associated with
reduced risk of pancreatic cancer in diabetics and recognized as an antitumor agent with the
potential to prevent and treat this cancer. On the other hand, new-onset diabetes may indicate
subclinical pancreatic cancer, and patients with new-onset diabetes may constitute a population in
whom pancreatic cancer can be detected early. Biomarkers that help define high-risk individuals
for clinical screening for pancreatic cancer are urgently needed. Why pancreatic cancer causes
diabetes and how diabetes affects the clinical outcome of pancreatic cancer have yet to be fully
determined. Improved understanding of the pathological mechanisms shared by diabetes and
pancreatic cancer would be the key to the development of novel preventive and therapeutic
strategies for this cancer.
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INTRODUCTION

As a consequence of the obesity epidemic, the incidence of diabetes is increasing globally,
with an estimated 285 million people, or 6.6% of the population from 20 to 79 years of age,
affected. Type 2 diabetes mellitus accounts for more than 95% of the cases. Type 2 diabetes
mellitus has been associated with an increased risk of several human cancers, such as liver,
pancreatic, endometrial, colorectal, breast, and bladder cancer. After cigarette smoking and
obesity, type 2 diabetes mellitus is likely the third modifiable risk factor for pancreatic
cancer. However, the relationship between diabetes and pancreatic cancer is complex and
intertwined. On one hand, diabetes can be an early manifestation of pancreatic cancer. On
the other, diabetes has been implicated as a predisposing factor for pancreatic cancer [1-3].
An improved understanding of the association between diabetes and pancreatic cancer and
the mechanism underlying this association would aid the development of novel strategies for
the prevention and treatment of this cancer.
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Epidemiological Evidence of Diabetes as a Risk Factor for Pancreatic Cancer

Diabetes or impaired glucose tolerance is present in 50-80% of patients with pancreatic
cancer [4-6]. More than 85% of the diabetes cases in patients with pancreatic cancer are
diagnosed fewer than 2 years before the cancer diagnosis or during the cancer course.
Patients with new-onset diabetes, in other words, those in whom diabetes was diagnosed no
more than 2 years before cancer was diagnosed, are usually considered as having “secondary
diabetes” caused by the cancer under the assumption that pancreatic cancer is a rapidly fatal
disease: a person with pancreatic cancer-caused diabetes would not live for many years
without his or her cancer being diagnosed. However, most cancers have long latencies, and
many diabetes and prediabetic cases are undiagnosed before the cancer is diagnosed. No
current clinical or laboratory methods accurately determine the time when disease is
initiated or distinguish the type Il diabetes from the pancreatic cancer-caused diabetes.
Therefore, misclassification bias seems to be unavoidable in studies of the association
between diabetes and pancreatic cancer.

To date, more than 20 case-control studies [7-25] and cohort and nested case-control studies
[26-45] with information on the association between diabetes and pancreatic cancer have
been reported. Most of these studies were included in two meta-analyses investigating the
risk of pancreatic cancer in relation to diabetes [46,47]. The first meta-analysis, conducted in
1995, included 20 of these 40 published case-control and cohort studies and reported an
overall estimated relative risk (RR) of pancreatic cancer of 2.1 with a 95% confidence
interval (CI) of 1.6-2.8. These values were relatively unchanged when the analyses were
restricted to patients who had diabetes for at least 5 years (RR, 2.0 [95% Cl, 1.2-3.2]) [46].
The second meta-analysis, which was conducted in 2005, included 17 case-control and 19
cohort and nested case-control studies published from 1996 to 2005 and demonstrated an
overall odds ratio (OR) for pancreatic cancer of 1.8 and 95% CI of 1.7-1.9 [47]. Individuals
diagnosed with diabetes within 4 years before their pancreatic cancer diagnosis had a 50%
greater risk of pancreatic cancer than did those diagnosed with diabetes more than 5 years
before their cancer diagnosis (OR, 2.1 [95% Cl, 1.9-2.3] versus OR, 1.5 [95% CI, 1.3-1.8];
P =0.005). In a recent pooled analysis of 2192 patients with pancreatic cancer and 5113
cancer-free controls in three large case-control studies conducted in the United States
(results of two of the three studies were published after 2005), diabetes was associated with
a 1.8-fold increase in risk of pancreatic cancer (95% ClI, 1.5-2.1). Risk estimates decreased
as the number of years with diabetes increased. Individuals with diabetes for 2 or fewer, 3-5,
6-10, 11-15, or more than 15 years had ORs (95% ClIs) of 2.9 (2.1-3.9), 1.9 (1.3-2.6), 1.6
(1.2-2.3), 1.3 (0.9-2.0), and 1.4 (1.0-2.0), respectively (P < 0.0001 for trend) [48]. These
results support a modest association between type 2 diabetes mellitus and pancreatic cancer.

In general, risk estimates for diabetes-associated pancreatic cancer were higher in
individuals with short durations of diabetes than in those with long durations. This inverse
association between duration of diabetes and risk of pancreatic cancer may be explained by
two hypotheses. First, the increased risk of pancreatic cancer in individuals with short
diabetes durations (<2 years) resulted primarily from reverse causality. Second, the
decreasing risk of pancreatic cancer with increasing duration of diabetes may have been
partially related to lifestyle changes after diabetes diagnosis or use of certain antidiabetic
medications. At present, little available evidence supports or refutes these hypotheses.
Because cardiovascular complications were much more common in diabetic patients than in
nondiabetic patients in these studies, the risk of pancreatic cancer in patients with long-term
diabetes may be underestimated because of the death of diabetic patients not having
pancreatic cancer diagnoses.

Whereas cigarette smoking and obesity are established risk factors for both type 2 diabetes
mellitus and pancreatic cancer, whether diabetes is an independent risk factor for pancreatic
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cancer remains questionable. Limited by the sample sizes in individual studies, this question
was not examined in most published reports. In the analysis of pooled data from the three
large case-control studies described above, the researchers did not observe significant
interaction between diabetes and sex, race, education, smoking, alcohol, or body mass index
(BMI) (P =0.28, 0.52, 0.22, 0.95, 0.36, and 0.35, respectively, for interaction terms) [48].
Investigators observed comparable risk estimates among nonsmokers (OR, 2.2 [95% ClI,
1.7-2.7]), former smokers (OR, 2.1 [95% ClI, 1.7-2.6]), and current smokers (OR, 2.0 [95%
Cl, 1.4-2.8]) and between individuals with BMIs of no more than 25 kg/m? (OR, 1.9 [95%
Cl, 1.5-2.4]) and greater than 25 kg/m? (OR, 2.1 [95% Cl, 1.6-2.6]). These observations
support an independent association between diabetes and pancreatic cancer regardless of
smoking status or BMI. Additional large studies are required to confirm these findings and
further examine the impact of diabetes on the associations between pancreatic cancer and
other known or suspected risk factors, such as a family history of cancer and dietary factors.

The relationship between long-standing diabetes and risk of pancreatic cancer is also
supported by results from biomarker studies. One prospective study directly examined the
relationship between prediagnostic serum insulin levels and pancreatic cancer risk,
demonstrating a twofold increase in risk after excluding cases diagnosed in the first 5 years
of follow-up (RR, 2.01 [95% CI, 1.03-3.93] for the highest versus lowest quartile insulin
level) [49]. Also, a meta-analysis of studies of cancers of the colon and rectum, pancreas,
breast, and endometrium showed an excessively high risk of colorectal and pancreatic
cancer associated with high levels of circulating C-peptide/insulin and markers of
hyperglycemia [50]. In three prospective cohort studies with follow-up durations of more
than 20 years, researchers observed an increased risk of pancreatic cancer among subjects
with high postload plasma glucose levels [43,51,52]. In the last of these studies, the risk of
pancreatic cancer was 2.2-fold higher in individuals with a postload plasma glucose level
greater than 200 mg/dL at baseline than in those with a level of no more than 119 mg/dL
[52]. These results indicate that glucose tolerance may precede the onset of pancreatic
cancer rather than just be a consequence of this cancer.

Based on these data, long-term type 2 diabetes mellitus likely is an independent risk factor
for pancreatic cancer. Additional larger studies are required to further examine the potential
confounding effect of smoking and obesity on the association between diabetes and
pancreatic cancer.

Mechanisms between Diabetes and Pancreatic Cancer

The mechanism of the association between diabetes and pancreatic cancer is elusive but is
known to include metabolic, hormonal, and immunological alterations that influence tumor
growth (Figure 1). Insulin resistance and compensatory hyperinsulinemia as well as elevated
levels of circulating insulin-like growth factors (IGFs) are perhaps the most hypothesized
mechanisms underlying the association between type 2 diabetes mellitus and pancreatic
cancer. Data from animal studies suggest that islet cell turnover, which is associated with
insulin resistance, is critical for pancreatic carcinogenesis. For example, in hamsters,
stimulation of islet cell proliferation enhanced pancreatic ductal carcinogenesis [53], and
destruction of islet cells by treatment with streptozotocin or alloxan inhibited pancreatic
cancer induction [54,55]. Furthermore, treatment with the biguanide metformin inhibited the
induction of pancreatic tumors by N-nitrosobis-(2-oxopropyl)amine, a pancreatic
carcinogens, and high-fat diets in hamsters by normalizing the rate of islet cell turnover [56].

Pancreatic B-cell hyperactivity with an increased B-cell mass in the pancreas contributes to
insulin oversecretion in response to insulin resistance. The exocrine pancreatic tissue may be
chronically exposed to local insulin concentrations that are much higher than the circulating
insulin levels seen in hyperinsulinemic patients. Experimental evidence suggests that insulin
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is a growth-promoting hormone with mitogenic effects. Insulin promotes cell proliferation
and increases glucose use [57], both of which are important to tumor development and
progression. Furthermore, insulin upregulates the bioavailability of IGFs by reducing
hepatic production of IGF-binding proteins [58,59]. The mitogenic and antiapoptotic
activities of IGF-1 are more potent than those of insulin and may act as growth stimuli in
cells expressing insulin and the IGF-1 receptor (IGF1R). IGF-1 and IGF1R are highly
expressed in pancreatic cancer cells [60], and IGF-1-mediated signaling transduction
increases proliferation, invasion, and expression of angiogenesis mediators and decreases
apoptosis in pancreatic cancer cells [61-63]. IGF1R-mediated initiation of signal
transduction activates important intracellular signal pathways, including the Ras/Raf/
mitogen-activated protein kinase and phosphoinositide-3 kinase/Akt/mammalian target of
rapamycin (mTOR) pathways [64]. Even though epidemiological investigations have not
found a significant association between pancreatic cancer risk and prediagnostic plasma
levels of IGF-1 and IGF-2 [65,66], investigators have shown that reduced levels of IGF-
binding protein 1 are predictive of increased risk of pancreatic cancer [67]. A case-control
study indicated a possible association between polymorphic variants of the IGF-1 gene and
risk of pancreatic cancer independently of or jointly with diabetes [68].

Abnormal glucose metabolism is a biochemical hallmark of tumor cells, and most tumors
have highly effective upregulated, insulin-independent glucose uptake mechanisms.
However, evidence implicating a direct role for glucose in promaotion of tumor growth is
lacking. In animals with diabetes induced by p-cell destruction by alloxan, a study showed
that tumor growth was reduced [69], suggesting that hyperglycemia does not increases
neoplastic growth, at least in the setting of insulin deficiency. Researchers have suspected
that a high dietary glycemic index/load may increase the risk of pancreatic cancer because of
the adverse effects of high postprandial glucose levels and resulting insulin demands [70].
Many studies have investigated the associations of carbohydrate and refined sugar intake
and glycemic index/load with pancreatic cancer, with inconsistent results [71]. In general,
these studies found either no association or weak associations that are not statistically
significant. Thus, whether glucose is responsible for the association between hyperglycemia
and increased risk of pancreatic cancer or is a surrogate for a causative factor such as insulin
resistance remains unclear.

In addition to the direct growth-promoting effect of insulin and IGFs, type 2 diabetes
mellitus and/or related obesity may increase the risk of pancreatic cancer by increasing
oxidative stress and inflammatory responses. It has been suggested that oxidative stress is an
initiating event in the pathogenesis of insulin resistance [72,73]. Also, several
epidemiological surveys have reported a correlation between oxidative stress and insulin
resistance [74,75]. A causative link between oxidative stress and insulin resistance is further
suggested by experimental studies showing that antioxidant supplementation with vitamin E
or a-lipoic acid could prevent or reduce insulin resistance [76,77]. In addition, various
experimental models of induction of insulin resistance indicated that oxidative stress plays a
critical role in the onset of this condition, particularly in animals on high-sucrose or high-
fructose diets [78,79]. In these models, hyperglycemia, especially during the postprandial
period, was a direct cause of oxidative stress via various mechanisms that may have been
related to overproduction of superoxide by the mitochondrial electron-transport chain [80].
Resulting impairment of the cellular redox state both decreased the tyrosine phosphorylation
and increased the serine phosphorylation of insulin receptor substrate 1, two events that
leads to inactivation of the insulin-signaling pathway [80].

A growing amount of evidence suggests that inflammation plays an important role in
pancreatic cancer development [81]. Macronutrient intake and obesity may activate
inflammatory signaling pathways [82,83]. Glucose and fat intake may induce inflammation
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by increasing oxidative stress and the activating transcriptional factors such as nuclear
factor-xB, activating protein-1, and early growth response-1 [84-86]. In addition, adipose
tissues act as endocrine organs to regulate the release of fatty acids, hormones, and
proinflammatory cytokines such as tumor necrosis factor-a, interleukin-6, and resistin [87].
Some adipocytokines are key molecules involved in innate immunity, inflammation,
apoptosis, metabolism, and development. Elevated levels of the proinflammatory cytokines
promote angiogenesis, tumor progression, and metastasis. Furthermore, altered levels or
functions of several molecules previously implicated in obesity and/or diabetes, such as
leptin [88], IGF-1 [89], and peroxisome proliferator-activated receptor-y [90], may
contribute to pancreatic cancer development by impairing immune function.

A number of genome-wide association studies have identified unexpected genetic variants
that modify the risk of diabetes, and some of the type 2 diabetes mellitus susceptibility loci
often tend to be implicated in differentiation and development [91]. Interestingly, one of the
pancreatic cancer susceptibility genes identified in genome-wide association studies is
NR5A2 (or LRH1) [92], which is a direct target of the pancreatic duodenal homeobox
(PDX-1) gene during pancreatic differentiation and development [93]. NR5A2 controls the
expression of a number of developmental genes, such as the transcription factors hepatocyte
nuclear factor (HNF)-3B, HNF-4a, and HNF-1p. Conversely, expression of NR5A2 is
regulated by HNF-3p and HNF-1. PDX-1 is required not only for pancreatic development
but also for normal B-cell function and insulin secretion [94]. Mutations of the human
HNF-1B gene are linked with maturity-onset diabetes of the young, type 3 [95]. Findings
from mouse models with compound heterozygous mutations of PDX-1*/"/HNF-3p*~ and
PDX-1*"/HNF-1p*/~ further underscore the importance of PDX-1, HNF-1B, and HNF-3f
in controlling glucose tolerance, glucose-stimulated insulin secretion, and islet architecture
[96]. Improved understanding of the biological significance of the NR5A2 gene in the
development of pancreatic cancer and identification of other genes that modify the risk of
diabetes-associated pancreatic cancer would provide further insight into the genetic
mechanisms that link diabetes and pancreatic cancer.

Therapy and Risk of Pancreatic Cancer

Over the past several years, a number of studies of diabetics have shown that treatment with
metformin, the most commonly used antidiabetic drug, is associated with lower risk of
cancer than is treatment with insulin or insulin secretagogues [97-101]. A meta-analysis of
three studies using cancer incidence as the endpoint found a 32% lower overall summary RR
for cancer (0.68 [95% CI, 0.52-0.88]) in subjects taking metformin than in those taking other
antidiabetic drugs [102]. Regarding pancreatic cancer in particular, a retrospective cohort
study of 62,809 patients with diabetes [100] and a case-control study of 973 patients with
pancreatic adenocarcinoma and 863 cancer-free controls [103] independently but at nearly
the same time demonstrated a very significantly lower risk of pancreatic cancer in
metformin users than in insulin or sulfonylurea users. In the retrospective cohort study, the
researchers identified 89 pancreatic cancer cases. The hazard ratios in metformin users were
0.20 (95% ClI, 0.11-0.36) and 0.22 (95% CI, 0.12-0.38) compared to sulfonylurea users or
insulin users, respectively. In the case-control study, the OR for pancreatic cancer was 0.38
(95% Cl, 0.21-0.67) in metformin users versus metformin nonusers after adjustment for
potential confounders such as smoking status, BMI, family history of cancer, and duration of
diabetes. The risk estimates remained statistically significant when the analysis was
restricted to patients with diabetes duration of more than 2 years or those who never used
insulin. Although the choice of antidiabetic therapy may be related to the severity of the
diabetes, which may confound the association between antidiabetic therapy and risk of
pancreatic cancer, the validity of these observations is supported by a large amount of
experimental evidence of the antitumor activity of metformin [56,105-108].
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In a hamster model of N-nitrosobis-(2-oxopropyl)amine and high-fat diet-induced pancreatic
cancer, administration of metformin in drinking water completely prevented tumor
development, whereas tumors developed in 50% of the control animals that did not take
metformin [56]. Metformin can inhibit proliferation and stimulate apoptosis in tumor cell
lines [104] and inhibit the growth of human pancreatic cancer cells xenografted into nude
mice [105]. Investigators have also observed the antitumor activity of metformin in various
animal models of other common cancers, such as those of the colon [106], breast [107], and
lung [108]. More interestingly, a clinical trial conducted in nondiabetic patients with
colorectal aberrant crypt foci (ACF) showed that 1 month of metformin use significantly
decreased the mean (z standard deviation) number of ACF per patient from 8.78 £ 6.45
before treatment to 5.11 + 4.99 (P = 0.007), whereas the mean number of ACF did not
change significantly in the control group (7.23 + 6.65 versus 7.56 = 6.75; P = 0.609) [109].
In patients taking metformin, researchers detected reduced cell proliferation in normal rectal
epithelium. These observations suggest that metformin is a promising chemopreventive drug
for use against cancer and that use of it may not be limited to patients with diabetes. The
challenges that remain are identification of predictive biomarkers for selecting the patients
most likely to benefit from such intervention and gaining a clear understanding of the
primary mechanism of metformin’s antitumor action [110].

Metformin lowers glucose levels mainly by reducing hepatic glucose output [111].
Consequently, metformin decreases rather than increases fasting plasma insulin
concentrations and indirectly inhibits the growth-promoting effects of insulin and IGFs.
Metformin has been shown to have a cardioprotective effect, causing changes in fat
metabolism and production of adipose tissue hormones, particularly leptin [112]. In patients
with type 2 diabetes mellitus, metformin-based treatment has been associated with
biochemical evidence of improvement of endothelial function, including decreased plasma
levels of von Willebrand factor, soluble vascular cell adhesion molecule-1, soluble E-
selectin, tissue-type plasminogen activator and inhibitor, and vascular endothelial growth
factor [113-116]. Most of these molecules play important roles in thrombosis, fibrosis, and
angiogenesis, which may contribute to pancreatic tumor development and progression.
However, the main molecular mechanism of metformin's effect on metabolism and growth
inhibition are mediated through the liver kinase B1 (LKB1)/5" AMP-activated protein kinase
(AMPK) signaling pathway. In a quiescent cell, most of the energy (in the form of ATP) is
generated in the mitochondria through oxidative phosphorylation, including oxidation of
fatty acids and amino acids, known as catabolic metabolism. Metformin increases glucose
uptake and glycolysis and reduces ATP production in mitochondria, which leads to
activation of the LKB1/AMPK signaling pathway.

LKBL1 is a tumor suppressor gene, and patients with Peutz-Jeghers syndrome, which is
caused by germline mutations of LKB1, have a significantly increased risk of pancreatic
cancer [117]. AMPK is a highly conserved sensor of cellular energy status and is activated
under conditions with low intracellular ATP levels. AMPK responds to energy stress by
suppressing cell growth and biosynthetic processes, in part through its inhibition of the
rapamycin-sensitive mTOR complex 1 pathway via tuberous sclerosis 2 protein [118].
mTOR up regulates many energy-consuming cellular processes and has a central role in
regulating cell growth by controlling mRNA translation and ribosome biogenesis. AMPK
acts as a metabolic checkpoint, coordinating cell growth and energy status to ensure the
initiation and maintenance of cell polarity and completion of normal cell division [119].
Also, the LKB1/AMPK pathway regulates p27(kipl) phosphorylation, which permits cells
to survive growth factor withdrawal and metabolic stress via autophagy [120]. Studies
showed that by altering cellular metabolism, metformin enhanced immune-cell (T-cell)
memory over the long term as well as the efficacy of anticancer vaccination [121,122].
Thus, the antitumor activity of metformin results from not only metabolic and hormonal
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regulation but also cell division and immune functions. Whether metformin or other AMPK
agonists can prevent or treat pancreatic cancer deserves further investigation in the
laboratory and prospective clinical trials.

Insulin secretagogues such as sulfonylurea, which cause B cells to release insulin, reportedly
increase the risk of cancer in patients with type 2 diabetes mellitus [98,100,123]. However,
most of the studies included very few cases of cancer; therefore, no specific cancer sites
were implicated. Two studies that showed a protective effect of metformin on pancreatic
cancer also demonstrated an increased risk of this cancer associated with use of sulfonylurea
[100,103]. Because type 2 diabetes mellitus is a progressive disease, few patients with it
receive monotherapy over the entire disease course, so most patients receive combined
therapy with different medications. Therefore, determining whether the observed risk
associations reflect increased risk in sulfonylurea users or decreased risk in comparative
groups, such as metformin users, is difficult.

Because of the tumor-promoting effect of an elevated level of insulin and resulting IGF-1,
whether the use of insulin in diabetic patients increases the risk of cancer has garnered a
great deal of attention. Previous studies have reviewed and debated this issue [124,125]. In
general, evidence that insulin use increases the risk of cancer is insufficient [126]. Although
insulin use has been associated with an increased risk of pancreatic cancer, the risk was
usually restricted to patients who took insulin for a short time (<3 years) [22,23,25,26,48]. In
a pooled analysis of data from three large case-control studies [48], long-term insulin use
(>10 years) was associated with a reduced risk of pancreatic cancer, whereas the risk in
those who used insulin for 3-10 years was 20% higher than that in diabetics who did not use
insulin. In another study, among patients with pancreatic cancer, more than 70% of insulin
users began receiving it at least 2 years before their cancer diagnoses [127]. These cases
were either pancreatic cancer caused by diabetes or long-term diabetes aggravated by the
cancer. In either type of case, the association between short-term insulin use and pancreatic
cancer is most likely a result of reverse causality. Of four published case-control studies that
examined the duration of insulin use and risk of pancreatic cancer, three studies
demonstrated no association or a reduced risk in those who used insulin for more than 5
years [22,23,26]. No experimental evidence has shown that improved glycemic control with
insulin use actually reduces the risk of pancreatic cancer. Most analyses of pancreatic cancer
risk in diabetics have had limited numbers of insulin users; larger sample sizes are required
to fully assess any possible effect of insulin use on the risk of pancreatic cancer.

Pancreatic Cancer-Associated Diabetes and Implication in Early Detection of this Cancer

It has been reported that the prevalence of diabetes and impaired glucose tolerance in
pancreatic cancer cases is as high as 80%. In the majority of cases, diabetes associated with
pancreatic cancer is diagnosed fewer than 2 years prior to the cancer diagnosis or during the
cancer course. Among patients with early-stage pancreatic cancer, diabetes has developed
more often in patients with carcinoma of the head of the pancreas than in those with
carcinoma of the body and/or tail of the organ [5]. However, why diabetes develops in
patients with pancreatic cancer remains unclear. One hypothesis is that cancer-causing
agents such as tobacco carcinogens and cancer cell products cause islet cell destruction,
resulting in B-cell dysfunction and diabetes. Reduced insulin release in response to glucose
in animals with chemically induced pancreatic tumors [128] and in patients with pancreatic
cancer [129] have been observed. However, clinical studies have shown that the majority of
patients with pancreatic cancer have normal -cell function [130], and diabetes in pancreatic
cancer cases is characterized by peripheral insulin resistance. Another hypothesis is that
diabetes is caused by biliary obstruction and distal pancreatitis associated with a tumor [5].
An early study showed a higher frequency of elevated bilirubin levels in patients with
pancreatic cancer who had abnormal glucose metabolism (66%) than in patients with no
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evidence of disturbed glucose metabolism (51%) [131]. The finding that insulin resistance
and diabetes improved markedly 3 weeks after tumor resection in patients with pancreatic
cancer suggests a causal role for tumors in the development of diabetes in patients with
pancreatic cancer [132]. Interestingly, pancreatic cancer cells reportedly produced
unidentified factors that were able to induce hyperglycemia in severe combined
immunodeficiency mice [133] and altered glucose metabolism in cultured rat hepatocytes
[134]. Some of the putative “diabetogenic factors” have been identified as the S-100A8 N-
terminal peptide [135,136]. Another molecule that has been suggested to be a diabetogenic
factor is the islet amyloid peptide (IAPP). IAPP is a hormonal factor secreted from
pancreatic  cells that reduces insulin sensitivity in vivo and glycogen synthesis in vitro
[137]. An increased level of IAPP was found in the plasma of patients with pancreatic
cancer and diabetes and the level was significantly reduced after tumor resection, supporting
a role for IAPP in the development of insulin resistance and diabetes in patients with
pancreatic cancer [138]. However, elevated plasma level of IAPP has also been found in
chronic pancreatitis, other gastrointestinal malignancies and biliary obstruction thus is not
specific for pancreatic cancer [139,140]. A recent study has shown that pancreas tissues
from patients with diabetes and tumor tissues form patients with pancreatic cancer had
reduced number of IAPP-expressing cells and B cells while the normal adjacent tissues from
patients with pancreatic cancer had increased number of IAPP-expressing cells and 3 cells
but reduced number of o cells [141]. These findings did not support the hypothesis that
undiagnosed diabetes or impaired glucose tolerance is the main cause of the pancreatic
cancer-associated diabetes. The difference in the expression of IAPP between tumor and
normal adjacent tissues also suggests the role of cancer cells in the expression of IAPP.

Findings from a retrospective cohort study of 2122 diabetic patients suggested that
pancreatic cancer developed within 3 years after the diagnosis of diabetes in 1% of the
patients who were at least 50 years old [142]. In a later case-control study of pancreatic
cancer including detailed fasting blood glucose level data up to 60 months before cancer
diagnosis in cases or recruitment to the study in controls, pancreatic cancer-induced
hyperglycemia developed up to 24-36 months prior to the cancer diagnosis [143]. These
observations suggest that diabetes is a biomarker of early-stage pancreatic cancer and that
identifying patients with cancer-associated diabetes at the onset of their diabetes would offer
the opportunity for early detection of pancreatic cancer. However, screening for exocrine
pancreatic cancer in patients with newly diagnosed diabetes may not be practical, as only
2% of them have tumors, and computed tomographic and endoscopic ultrasonographic
scanning of the pancreas as screening procedures are neither cost-effective nor adequately
sensitive or specific. Defining biomarkers that may help identify new-onset diabetes in
patients with the greatest risk of pancreatic cancer for diagnostic clinical screening is an
urgent need. Carbohydrate antigen 19-9 is the most commonly used biomarker for diagnosis
of and monitoring treatment response to pancreatic cancer. However, as a screening marker
in asymptomatic patients, carbohydrate antigen 19-9 had a predictive value of less than 1%,
because its level was highly associated with tumor size [144,145]. A gene expression
profiling study using peripheral lymphocytes suggested that expression of vanin 1 and
matrix metalloproteinase 9 together may be useful in discriminating pancreatic cancer-
associated diabetes from type 2 diabetes mellitus [146]. Further research in this area is
important and promising for early detection of pancreatic cancer.

Diabetes and Clinical Outcome of Pancreatic Cancer

Increasing evidence suggests that patients with certain types of cancer, such as colon,
endometrial, and breast cancer and leukemia, who also have diabetes or impaired glucose
tolerance are at increased risk for cancer recurrence, cancer-related death, and death due to
any cause [147-151]. These studies also indicated that hormonal or metabolic abnormalities,
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such as hyperinsulinemia and hyperglycemia, affect tumor biology at multiple stages,
including malignant transformation, growth, and metastasis. For certain malignancies,
metabolic abnormalities associated with diabetes and impaired glucose tolerance apparently
have an adverse effect on the response of these malignancies to treatment [149,150,152].
Despite the high prevalence of diabetes in patients with pancreatic cancer, the available
information on how diabetes affects these patients' treatment and clinical outcomes is
limited. A few studies have examined the associations between diabetes and survival of
pancreatic cancer, but their findings have been inconsistent. Some studies found that
diabetes did not have a significant effect on the overall survival time [149,153,154] or on the
mortality of pancreatic cancer [45], whereas others found that diabetes was associated with
significantly reduced survival durations [5,155-157]. These inconsistent findings may be
partially explained by the different patient populations studied, as the negative effect of
diabetes on survival occurred mostly in patients with resected pancreatic tumors, whereas
patients with late-stage disease had no effect of diabetes on survival. In addition, few of
these studies considered the potential confounding effect of obesity, which has exhibited a
significant impact on survival in patients with pancreatic cancer [158,159]. Because most of
the current therapeutic approaches for cancer treatment that focus on inhibition of cell
proliferation and death signaling pathways do not significantly impact the survival of
pancreatic cancer, new therapeutic regimens targeting energy metabolism or inflammation
via inhibition of the insulin/IGF axis signaling pathway and modulation of lipid metabolism
may hold great promise in the treatment of pancreatic cancer, especially that associated with
diabetes and obesity [160].

The relationship between diabetes and pancreatic cancer is complex. The observed causal
relationship between long-term type 2 diabetes mellitus and pancreatic cancer and the
protective effect of the antidiabetic drug metformin against pancreatic cancer offer
opportunities for the prevention and intervention of this cancer. Increased understand of the
mechanisms of the relationship between diabetes and pancreatic cancer would provide new
research avenues for the development of novel preventive and therapeutic strategies for this
deadly disease.
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Fig.1.

Potential mechanisms underlying the associations of diabetes and cancer. AdipoR1/R2,
adiponectin receptor 1/2; AMPK, 5'-AMPactivated protein kinase; IGF-1, insulin-like
growth factor-1; IGF-1R, insulin-like growth factor-1 receptor; IKK, IkxA;B kinase; IR,
insulin receptor; IRS-1, insulin receptor substrate-1; MAPK, mitogen-activated-protein-
kinase; mTOR, mammalian target of rapamycin; NF-«A;B, nuclear factor-<A;B; ObR, leptin
receptor; PAI-1, plasminogen activator inhibitor-1; P13-K, phosphatidylinositol 3-kinase;
ROS, Reactive oxygen species; TNF-a, tumor necrosis factor- a; TNF-R1, tumor necrosis
factor-receptor 1; uPA, urokinase-type plasminogen activator; uPAR, urokinase-type
plasminogen activator receptor; VEGF, vascular endothelial growth factor; VEGFR,
vascular endothelial growth factor receptor.
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