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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is expected to soon become the second leading
cause of cancer related deaths in the United States. This may be due to the rising obesity prevalence,
which is a recognized risk factor for PDAC. There is great interest in deciphering the underlying
driving mechanisms of the obesity–PDAC link. Visceral adiposity has a strong correlation to certain
metabolic diseases and gastrointestinal cancers, including PDAC. In fact, our own data strongly
suggest that visceral adipose tissue inflammation is a strong promoter for PDAC growth and
progression in a genetically engineered mouse model of PDAC and diet-induced obesity. In this
review, we will discuss the relationship between obesity-associated adipose tissue inflammation and
PDAC development, with a focus on the key molecular and cellular components in the dysfunctional
visceral adipose tissue, which provides a tumor permissive environment.

Keywords: obesity; adipose tissue inflammation; pancreatic ductal adenocarcinoma

1. Obesity and Pancreatic Ductal Adenocarcinoma

Pancreatic cancer, of which pancreatic ductal adenocarcinoma (PDAC) accounts for the vast
majority, is an aggressive disease with an overall 5-year survival rate of ~8% [1]. Currently, as the third
leading cause of cancer mortality in both men and women, pancreatic cancer is expected to soon become
the second leading cause of cancer-related deaths in the United States [2]. One of the recognized risk
factors for PDAC and several other gastrointestinal cancers is obesity [3–8]. A recent analysis by the
National Institutes of Health reported that 16.9% of all PDAC cases in the Unites States are estimated
to be attributable to excess body weight (in comparison, the proportion of PDAC cases attributable to
cigarette smoking was 10.2%) [9]. Besides promoting tumorigenesis, obesity might also complicate the
treatment of established cancers [10], not only by altering the pharmacokinetics and pharmacodynamics
of administered anti-cancer drugs [11], but also by modulating the tumor microenvironment (TME) [12].
Notably, worse prognosis is reported in patients who are either overweight or obese at the time of PDAC
diagnosis [13,14]. Considering the current obesity pandemic, there is great interest in deciphering the
underlying biological basis of this compelling epidemiological link.

The mechanisms underlying the obesity–cancer link are likely multifactorial, with metabolic
perturbations and inflammation being the current research focus. Other mechanisms, such as alterations
in the gut microbiome, changes in gastrointestinal peptides, and sex hormones, certainly play an
important role as well. For example, obesity-associated insulin resistance and hormonal changes
(e.g., compensatory hyperinsulinemia and elevated insulin-like growth factors (IGFs)) are among the
various driving mechanisms postulated to explain the obesity–cancer link [15]. In accordance with
this notion, type 2 diabetes, hyperinsulinemia, and increased circulating IGF-1 are established risk
factors for pancreatic and other types of cancers [16–20]. In addition to the insulin/IGF axis, increasing
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attention has focused on adipose tissue (AT) dysfunction characterized by a pro-inflammatory state,
which can contribute not only to the pathogenesis of insulin resistance [21] but also to the development
and promotion of cancer. Utilizing a genetically engineered mouse model of PDAC and diet-induced
obesity, our own data suggest that inflammatory responses in the AT surrounding the pancreas is a
strong promotional factor for PDAC growth and progression [22]. AT inflammation associated with
increased abdominal adiposity, which involves various cellular and extracellular components (e.g.,
infiltrated macrophages and cytokines), can shape the peri-tumoral micro-environment favorable for
PDAC development, both locally and systemically. More detailed cellular and molecular characteristics
of dysfunctional and inflamed AT associated with the obese state, and their roles in tumor development,
will be discussed in the later sections.

2. The Role of Adipose Tissue Inflammation in Obesity-Promoted Tumor Development

2.1. Classification and Physiological Roles of AT

White adipose tissue (WAT), the most abundant type of AT in adult humans, stores excess energy
in the form of triglycerides, which can be mobilized via lipolysis to release fatty acids for usage by
other tissues. Based on anatomical locations, AT can also be organized into different types of depots:
Subcutaneous and visceral. These depots are heterogeneous with regard to their morphological,
molecular, and metabolic profiles [23], and exhibit major gender differences. Visceral adipose tissue
(VAT), which encompasses omental, mesenteric, and other intra-abdominal fat pads, is considered
of great relevance in obesity-related comorbidities, as increased VAT area is more closely associated
with metabolic dysfunction and cancer than subcutaneous fat [7,23–25]. Surgical removal of VAT
prior to high fat diet feeding is shown to prevent obesity-induced insulin resistance in mice [26].
Since VAT is in close proximity to digestive organs, including the pancreas, and is the primary source
of systemic and local chronic inflammation during obesity [27], it is particularly pertinent to the topics
covered in this review. For example, VAT (but not subcutaneous fat) and pancreatic fatty infiltration
are significantly correlated with pancreatic intraepithelial neoplasia (PanIN), the precursor lesions of
PDAC [28]. Interestingly, the increased PDAC incidence in obese conditional KrasG12D (KC) mice was
largely observed in male animals [29], which correlated with a greater expansion of VAT in obese male
mice, as compared to obese female mice that preferentially gained subcutaneous fat [22].

Besides being a key regulator of energy homeostasis, AT is regarded as an important endocrine
organ secreting various factors collectively known as “adipokines”, and growingly recognized as a
prominent immune site harboring macrophages and other types of immune cells. Overall, this dynamic
organ is composed of mature adipocytes and the “stromal-vascular fraction” comprising a mixture
of mesenchymal, hematopoietic, and endothelial cell types. Under homeostatic conditions, the cells
with diverse functional roles act cooperatively to support the metabolic and physiological functions
of the organ. Specifically, healthy AT maintains an anti-inflammatory phenotype characterized by
the secretion of anti-inflammatory adipocytokines (e.g., adiponectin) and enrichment of regulatory
immune cells, such as M2 macrophages, eosinophils, Th2 leukocytes, and myeloid-derived suppressor
cells that limit AT inflammation. In obesity, on the other hand, the regulatory anti-inflammatory
network in AT is disrupted and skewed to a pro-inflammatory state, with substantial changes in
adipokines and the number and function of AT immune cells (see next section), leading to sustained
chronic inflammation.

2.2. Obesity-Associated AT Inflammation

Chronic over-nutrition is manifested as adipose tissue expansion via hyperplasia (increase in
adipocyte numbers) and/or hypertrophy (enlargement of existing adipocytes). Adipocyte hyperplasia,
which occurs more readily in subcutaneous depots than in VAT, is normally associated with no/weak
inflammation and improved insulin sensitivity and therefore regarded as a “metabolically healthy”
expansion of AT. Conversely, visceral adipocyte hypertrophy, which is often associated with cellular
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stress, pro-inflammatory responses, and impaired insulin sensitivity, is recognized as unhealthy
pathological expansion and an important contributor to the obesity-related metabolic disorders [30].
When hypertrophic adipocytes are overloaded with lipids, they become hypoxic and undergo
stress responses and cell death, which are correlated with a pro-inflammatory secretome, increased
pro-inflammatory immune cell infiltration, and ectopic lipid deposition in other metabolically active
organs [31], each of which may contribute to progressive insulin resistance and the pathogenesis of
type 2 diabetes.

Adipocyte hypertrophy is associated with a shift in the adipokine secretion profile [32].
Specifically, there is a significant increase in the production of pro-inflammatory factors, such as
leptin, tumor necrosis factor-α (TNF-α), interleukin 6 (IL-6), monocyte chemoattractive protein-1
(MCP-1), and plasminogen activator inhibitor-1 (PAI-1). On the contrary, the release of adiponectin,
a major anti-inflammatory adipokine, is reduced with increased adiposity in response to AT
inflammation [33]. These adipocyte-derived mediators, which link adipocytes with adipose-resident
immune cells, lead to an altered composition of the adipose stromal-vascular fraction characterized
by reduced numbers of anti-inflammatory cells (e.g., eosinophils, T-regs, Th2 cells) and an increased
recruitment of pro-inflammatory Th1 cells, neutrophils, IFNγ-producing natural killer (NK) cells, and
monocytes/macrophages [34,35].

The detailed landscape of immune cell changes in AT during obesity is extremely complex and
virtually every immune cell type plays a role in obesity-associated metabolic diseases [36]. However, the
most prominent feature is monocyte infiltration and differentiation into pro-inflammatory macrophages,
which surround necrotic adipocytes and form the histological hallmark of AT inflammation called
“crown-like structures” [37]. AT macrophages (ATM), which can account for up to 50% of the cellular
content in the obese AT, are the primary source of pro-inflammatory cytokines (e.g., IL-6, TNF-α,
IL1-β), and have been shown to be centrally important in obesity-related metabolic dysfunction [38–41].
The increase in ATM abundance during obesity is crucial for exacerbating the inflammatory response
and is mainly caused by the recruitment of circulating bone marrow-derived monocytes through
an MCP-1 (CCL2)/CCR2- dependent mechanism [42–44]. While resident ATMs in the lean state
display an anti-inflammatory M2-polarized phenotype, obesity-associated ATM polarize towards
the pro-inflammatory M1 state in response to the disturbed immune and cytokine profile and other
environmental cues [35]. Interestingly, the oversimplified M1/M2 dichotomy is revised by the recent
discovery of the “metabolically-activated” type ATM, which is metabolically activated by excessive
saturated free fatty acids (FFAs), hyperinsulinemia, and hyperglycemia and is functionally distinct
from the classical M1 macrophage activated by bacterial challenge [45]. As mentioned above, it is
well established that AT inflammation and ATMs play a key role in the pathogenesis of metabolic
syndromes, mainly via secreted mediators. However, much less is known about their role in cancer,
especially PDAC.

Besides intrinsic danger signals, exogenous factors, such as gut microbiota-derived
pathogen-associated molecular patterns (PAMPs), are also implicated in the reprogramming of
immune cells toward pro-inflammatory subtypes in obese AT. Diet-induced obesity is associated
with a robust change in gut microbiota composition [46,47] and impaired intestinal barrier integrity,
correlating with an increased expression of pro-inflammatory cytokines in the AT [48,49]. Induced by
gut dysbiosis and leaky intestinal tight junctions, circulating levels of lipopolysaccharide (LPS;
a cell wall component of gram-negative bacteria) are found to be 2 to 3-fold higher in obese
humans and rodents as compared to their lean counterparts, a phenomenon known as “metabolic
endotoxemia” [50,51]. Elevated LPS levels in tissues, e.g., AT, can stimulate the innate immune
response by activating Toll-like receptor 4 (TLR4) on macrophages, leading to the induction of NF-κB
and pro-inflammatory cytokine production. Using germ-free mouse models, microbiota-derived
LPS has been shown to promote macrophage infiltration and M1 polarization in WAT, independent
of its role in regulating fat mass and glucose metabolism [52]. Additionally, mice fed a diet rich
in saturated lipids (lard) exhibited reduced insulin sensitivity, enhanced WAT inflammation, and
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increased activation of TLRs compared with mice fed a fish oil diet, and such phenotypic differences
were in part attributable to differences in gut microbiota composition [53]. These authors further
demonstrated that lard-induced ATM accumulation was mediated by adipocyte-produced MCP-1,
which was induced by microbial-derived factors through activation of TLR4 and the downstream
adaptor molecules, MyD88 and TIR-domain-containing adapter-inducing interferon-β (TRIF) [53].
Together, these data strongly suggest that intestinal microbiota contribute to changes in immune cell
function and AT inflammation during diet-induced obesity.

2.3. AT Inflammation in PDAC Development: The Molecular Links

Inflammation has long been associated with the development of cancer, including PDAC [54,55].
In a mouse model of obesity-promoted KrasG12D-driven pancreatic neoplasia, with obesity induced by
a high-fat high-calorie diet (HFCD), we observed a higher percentage of advanced PanIN lesions [56]
and increased PDAC incidence [29], accompanied by prominent signs of inflammatory immune
cell infiltration and elevation of pro-inflammatory cytokines in the pancreas [56] as well as the
peri-pancreatic AT [22]. In addition, deficiency in hormone-sensitive lipase (HSL) was associated
with AT inflammation and an acceleration of pancreatic cancer development in conditional KrasG12D

mice [57]. Cumulating evidence suggest a model in which diet-induced obesity leads to a robust
inflammatory response in visceral peri-pancreatic (or intra-pancreatic [28]) adipose tissue, which may
in turn promote inflammation and neoplastic progression in the neighboring pancreas, via soluble
factors secreted from adipocytes and/or adipose-infiltrating immune cells.

2.3.1. Leptin, Adiponectin, and Other Adipokines

Obese individuals are characterized by dramatic changes in adipokine production, and several of
these adipokine changes are associated with cancer development. The most prominent examples are the
increased levels of the pro-inflammatory leptin [58,59] and the reduced levels of the anti-inflammatory
adiponectin [60,61]. In several cancer models, leptin has been shown to promote cell proliferation,
migration, and invasion through activation of the Janus Kinase/Signal Transducer and Activator
of Transcription (JAK/STAT) pathway and the subsequent oncogenic phosphatidylinositol 3-kinase
(PI3K)/Akt and extracellular signal-regulated kinase (ERK) signaling, leading to increased expression
of inflammatory cytokines, angiogenic factors, and apoptotic proteins [61–64]. Adiponectin, on the
other hand, seems to exert antagonistic effects on tumor growth and progression through activation
of AMPK and protein tyrosine phosphatase 1B (PTP1B) [62,65]. However, the roles of circulating
leptin and adiponectin in PDAC development remain debatable [66], as some studies found higher
adiponectin/leptin ratios associated with pancreatic cancer [67,68]. Also, adiponectin transcription
is activated by nuclear receptor 5A2 (NR5A2), an important risk factor identified by a genome-wide
association study (GWAS) for pancreatic cancer [69]. Further, in our recent study using HSL deficient
conditional KrasG12D mice, decreased plasma leptin levels were observed in animals with advanced
PDAC [57], suggesting that leptin may not play a central mechanistic role in PDAC promoted by
AT inflammation. Besides systemic effects, adipokines generated by adjacent adipose tissue might
act locally directly on tumor cells [70,71] or modulate inflammation and immunity in the pancreatic
TME [72,73]. In that regard, it is noteworthy that lipocalin 2, a novel adipokine elevated in obesity
subjects [74], has been shown to promote obesity-associated PDAC by stimulating the pro-inflammatory
response in the TME [75].

2.3.2. Pro-Inflammatory Cytokines and Chemokines

Although the events initiating obesity-associated AT inflammation are not completely understood,
increased pro-inflammatory factors produced by adipocytes and infiltrating ATMs or other immune cells
in the dysfunctional AT create a systemic and local inflammatory environment. Some of these factors
elevated in obese subjects, such as tumor-promoting cytokines (e.g., TNF-α and IL-6) and monocyte
chemo-attractants (e.g., MCP-1 [76,77]), are implicated in PDAC development and progression.
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Increased expression of TNF-α is observed in obese AT [40,78], where this key pro-inflammatory
cytokine is thought to act locally as an autocrine or paracrine cytokine, since systemic TNF-α levels
do not necessarily reflect local changes in TNF-α concentrations [78,79]. A central role for TNF-α
in obesity-associated early pancreatic tumor promotion has been demonstrated by genetic deletion
of tumor necrosis factor receptor 1A (TNFR1) [80]. Functionally, TNF-α activates JNK and NF-κB
pathways, which are known to promote cell proliferation, invasion, and metastasis in various cancers,
including human PDAC, where NF-κB is constitutively activated [81–83]. NF-κB activation by TNF-α
can crosstalk with Notch signaling, which cooperates with oncogenic KRAS to promote PDAC
progression [84]. In addition, activated NF-κB can stimulate the production of chemokines (such
as MCP-1), by adipocytes and pre-adipocytes, leading to increased infiltration of pro-inflammatory
macrophages [85,86]. Further, NF-κB is a critical transcription factor of M1 macrophages, regulating
the expression of a variety of inflammatory genes, including those encoding IL-6, IL-1β, MCP-1, and
cyclooxygenase-2 (COX-2), shown to play important roles in obesity-related PDAC promotion [55].
Adipose expression of IL-6, another key modulator in inflammation-associated tumorigenesis [87,88], is
also upregulated in obese individuals [40,79]. IL-6 exerts its pro-tumorigenic and pro-invasive activities
through the activation of the STAT3 signaling pathway, which is essential for PDAC development
in the Kras-driven mouse model [89–91] and observed in human PDAC [92,93]. The effects of IL-1
are similar to those of TNF-α, and IL1β gene promoter single nucleotide polymorphisms (SNPs) are
linked with pancreatic cancer risk [94]. These key cytokines, whose production is increased with
obesity, also play critical roles in insulin resistance [78,95], adipokine regulation [96], and tumor stroma
modulation [12,97,98], indirectly influencing tumor cell growth. Importantly, these inflammatory
cytokines are associated with a poor prognosis in PDAC [99–101]. Overall, PDAC progression
is characterized by convergent activation of inflammatory transcriptional factors (i.e., NF-κB and
STAT3) [102], which can be stimulated by the pro-inflammatory cytokines whose secretion is markedly
enhanced in dysfunctional AT with increased adiposity (especially visceral adiposity).

2.3.3. Microbiota and Obesity-Promoted PDAC

The gut microbiome could be closely related to obesity-associated chronic inflammation though
TLR activation in the immune cell compartment, amplifying inflammatory responses and cytokine
production that can fuel tumor growth. Although the effects of gut microbiota on tumorigenesis
are mostly highlighted in other inflammation-driven, obesity-related gastrointestinal malignancies
(e.g., colon and liver cancer) [103], it is well-documented that dysbiosis of oral bacteria is associated
with increased risk for pancreatic cancer [104–106]. In experimental mouse models, LPS and TLR4
activation could enhance the severity of acute pancreatitis [107,108]. Also, ligation of TLRs, possibly
through NF-κB and MAP kinase pathways, are shown to exacerbate pancreatic fibro-inflammation
and accelerate Kras-driven pancreatic tumorigenesis [109–111]. However, less is known regarding
how obesity-induced gut dysbiosis and AT inflammation contribute to PDAC development. Based on
evidence linking the microbiome and inflammation-associated PDAC, and the notion that metabolic
endotoxemia can be a strong promoter of ATM infiltration and M1 polarization, gut bacteria are likely
to play a role in the interface of obesity, AT inflammation, and PDAC. Regardless, these interactions
need to be further tested in the context of obesity.

2.3.4. Other Factors Associated with AT Dysfunction in Obesity

Obesity and the inflammatory environment are typically associated with oxidative stress, another
important feature of dysfunctional AT, conferring genetic instability that can promote the acquisition of
oncogenic mutations in neighboring pancreatic cells [112,113]. The elevated oxidative stress can result
from enriched reactive oxygen species (ROS) and reactive nitrogen intermediates (RNIs) generated
by inflammatory cells, as well as mitochondrial dysfunction and lipid oxidation related to increased
release of surplus free fatty acids (FFA) and ectopic fat deposition. Interestingly, in our previous study
involving a mouse model of obesity-promoted PDAC, exome sequencing of advanced pancreatic
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intraepithelial neoplasia (PanIN) lesions identified numerous genetic variants unique to the HFCD (and
diet-induced obesity) group [29]. These genetic alterations are found in genes involved in oncogenic
pathways that are commonly implied in PDAC, including the insulin and PI3K/Akt pathway.

3. Interventional Perspectives

Based on the increasingly recognized link between obesity-induced AT inflammation and PDAC
development, AT inflammation has become an intriguing target for PDAC interception. There are
several possibilities to disrupt the promoting effects of (obesity-induced) AT inflammation on PDAC
growth and progression. Besides general health-promoting strategies aimed at reducing obesity (e.g.,
weight reduction), which certainly will positively impact AT inflammation, a detailed understanding of
the mechanistic link between AT inflammation and PDAC will lead to targeted approaches. Inhibiting
major pro-inflammatory mediators secreted by inflamed AT or blocking cytokine receptors in the
pancreas might be a promising approach. For example, anti-TNF-α antibodies and antagonists of IL-1
and IL6 receptors exhibit anti-tumor effects in pre-clinical models of PDAC [101,114–117]. However,
the blockade of these cytokines, although proven to be effective in treating other inflammatory diseases,
has had limited success in patients of metabolic diseases [118,119] or PDAC [120,121]. Given the
complexity of the immune cell changes and inflammatory responses in the AT during obesity, with the
multitude of inflammatory mediators, targeting single or even few cytokines simultaneously might not
be the best strategy. Blocking major pathways driving the inflammatory response in obese AT seems to
be preferable. An intriguing approach with clear and rapid translational potential is the use of Food
and Drug Administration (FDA)-approved drugs, e.g., statins.

Statins are lipid-lowering drugs that inhibit HMG-CoA reductase, which plays a central role
in the production of cholesterol. High cholesterol levels have been associated with cardiovascular
disease (CVD). Statins have been found to reduce CVD and mortality in those who are at high
risk [122]. The evidence is strong that statins are effective for treating CVD in the early stages of a
disease (secondary prevention) and in those at elevated risk but without CVD (primary prevention).
There is intense interest in repurposing statins in cancer [123]. A recent meta-analysis of 95 cohorts
including 1,111,407 individuals concluded that statin therapy has potential survival benefit for patients
with malignancy [124]. Several large studies support the preventive effect of statins in selected
cancers. Although some early epidemiologic studies reported no beneficial effects of statins on
PDAC risk [125–128], several recent studies associated statins with a significantly lower risk of cancer,
including PDAC [129–134]. In a large case-control study, statin use was associated with a 34% reduced
PDAC risk, with a stronger association in male subjects [133]. In a case control study of 408 patients
with PDAC and 816 matched controls, statin use was associated with reduced PDAC risk (odds ratio:
0.61; 95% CI: 0.43–0.88) [135]. In this study, the protective effect of statin was dose-dependent and
stronger in obese patients. Very recently, a meta-analysis of 26 studies containing more than 3 million
participants and 170,000 PDAC patients found a significant decrease in PDAC risk with statin use
(RR: 0.84; 95% CI: 0.73–0.97) [136]. In patients with chronic pancreatitis, statins lowered the risk of
progression and pancreatic cancer [137]. In addition, statins have been shown to improve survival
after resection of early PDAC, indicating a potential benefit for secondary prevention [138–140].

Besides their cholesterol lowering effects, statins are known to have anti-inflammatory
properties [141]. Statins attenuate AT inflammation in various human conditions and experimental
models [142–145]. The improvement of AT inflammation by statins correlated with a reduction of
inflammatory cell infiltration. In addition, statins have been found to decrease circulating MCP-1
levels, which are elevated in obese patients [76,146]. Importantly, statins elicited an anti-inflammatory
M2-polarization of macrophages [145,147]. In our own study using a genetically engineered mouse
model of pancreatic cancer promoted by diet-induced obesity, we found that oral administration of
simvastatin attenuated early pancreatic neoplastic progression [148], which was accompanied by a
marked reduction of inflammation in the VAT (unpublished; Figure 1).
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Figure 1. Representative histology of mesenteric adipose tissue of conditional KrasG12D mice fed an 
obesogenic high fat high calorie diet (HFCD) for 3 months supplemented without (upper panel) or 
with simvastatin (sim; lower panel). Quantification of crown-like structures demonstrates significant 
elevation of adipose tissue inflammation in obese HFCD-fed mice, which was abrogated by 
simvastatin (sim). *: p < 0.01 vs. CD; #: p < 0.01 vs. HFCD 

Mechanistically, statins inhibit 3-hydroxy-3-methlyglutaryl coenzyme (HMG-CoA) reductase, 
the rate-limiting enzyme that controls the conversion of HMG-CoA to mevalonic acid. Mevalonic 
acid is a precursor of isoprenoids, which are essential for the post-translational modification of small 
G-proteins, e.g., Ras homolog gene family, member A (RhoA), cell division control protein 42 
homolog (Cdc42), and Ras-related C3 botulinum toxin substrate 1 (Rac1), to attach to lipid 
membranes. Activation of Rho family members GTPases (guanosine triphosphate hydrolases) 
modulate the actin cytoskeleton, which has been shown to be an important regulator for macrophage 
polarization [149]. Our own unpublished data showed that lipophilic statins significantly attenuate 
pro-inflammatory signaling in macrophage cell lines through inhibition of the mevalonic acid/protein 
prenylation/actin cytoskeleton pathway. Besides their beneficial effects on AT inflammation, statins 
also have significant effects on PDAC cells [150–152]. Overall, statins show great promise for PDAC 
prevention/interception, in particular in the setting of obesity.  

4. Conclusion 

There is clear evidence that obesity increases the risk of pancreatic cancer. Obesity-induced AT 
inflammation is increasingly recognized as an important driver of the pathophysiologic process 
underlying the obesity–PDAC link. Dramatic changes in immune cell number and function in obese 
AT, especially VAT, with accompanying increased production of various pro-inflammatory 
cytokines may thereby promote the proliferation and survival of transformed cells in the adjacent 
pancreas. Although numerous immune cells have been shown to be involved in maintaining 
sustained AT inflammation in obesity, AT macrophages clearly play a central and critical role in 
orchestrating the inflammatory response. Given the importance of AT inflammation as a strong 
promotional driver of obesity-associated PDAC, strategies to inhibit obesity-induced AT 
inflammation are an intriguing approach. In this regard, the re-purposing of FDA-approved drugs 
aimed at reducing obesity-induced AT inflammation holds great translational significance. Recent 
epidemiologic data and preclinical evidence strongly suggest a role of statins, especially lipophilic 
statins, as promising drugs for PDAC prevention/interception. Besides their direct effects on PDAC 
cells, current data suggest that the anti-cancer properties of statins might at least partially include 
their anti-inflammatory effects on obese AT.  

Author Contributions: Writing—original draft preparation, H.-H.C; writing—review and editing, G.E. 

Figure 1. Representative histology of mesenteric adipose tissue of conditional KrasG12D mice fed an
obesogenic high fat high calorie diet (HFCD) for 3 months supplemented without (upper panel) or
with simvastatin (sim; lower panel). Quantification of crown-like structures demonstrates significant
elevation of adipose tissue inflammation in obese HFCD-fed mice, which was abrogated by simvastatin
(sim). *: p < 0.01 vs. CD; #: p < 0.01 vs. HFCD

Mechanistically, statins inhibit 3-hydroxy-3-methlyglutaryl coenzyme (HMG-CoA) reductase, the
rate-limiting enzyme that controls the conversion of HMG-CoA to mevalonic acid. Mevalonic acid is a
precursor of isoprenoids, which are essential for the post-translational modification of small G-proteins,
e.g., Ras homolog gene family, member A (RhoA), cell division control protein 42 homolog (Cdc42),
and Ras-related C3 botulinum toxin substrate 1 (Rac1), to attach to lipid membranes. Activation of Rho
family members GTPases (guanosine triphosphate hydrolases) modulate the actin cytoskeleton, which
has been shown to be an important regulator for macrophage polarization [149]. Our own unpublished
data showed that lipophilic statins significantly attenuate pro-inflammatory signaling in macrophage
cell lines through inhibition of the mevalonic acid/protein prenylation/actin cytoskeleton pathway.
Besides their beneficial effects on AT inflammation, statins also have significant effects on PDAC
cells [150–152]. Overall, statins show great promise for PDAC prevention/interception, in particular in
the setting of obesity.

4. Conclusions

There is clear evidence that obesity increases the risk of pancreatic cancer. Obesity-induced
AT inflammation is increasingly recognized as an important driver of the pathophysiologic process
underlying the obesity–PDAC link. Dramatic changes in immune cell number and function in obese
AT, especially VAT, with accompanying increased production of various pro-inflammatory cytokines
may thereby promote the proliferation and survival of transformed cells in the adjacent pancreas.
Although numerous immune cells have been shown to be involved in maintaining sustained AT
inflammation in obesity, AT macrophages clearly play a central and critical role in orchestrating the
inflammatory response. Given the importance of AT inflammation as a strong promotional driver
of obesity-associated PDAC, strategies to inhibit obesity-induced AT inflammation are an intriguing
approach. In this regard, the re-purposing of FDA-approved drugs aimed at reducing obesity-induced
AT inflammation holds great translational significance. Recent epidemiologic data and preclinical
evidence strongly suggest a role of statins, especially lipophilic statins, as promising drugs for PDAC
prevention/interception. Besides their direct effects on PDAC cells, current data suggest that the
anti-cancer properties of statins might at least partially include their anti-inflammatory effects on
obese AT.
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26. Wensveen, F.M.; Jelenčić, V.; Valentić, S.; Šestan, M.; Wensveen, T.T.; Theurich, S.; Glasner, A.; Mendrila, D.;
Štimac, D.; Wunderlich, F.T.; et al. NK cells link obesity-induced adipose stress to inflammation and insulin
resistance. Nat. Immunol. 2015, 16, 376. [CrossRef] [PubMed]

27. Lysaght, J.; van der Stok, E.P.; Allott, E.H.; Casey, R.; Donohoe, C.L.; Howard, J.M.; McGarrigle, S.A.; Ravi, N.;
Reynolds, J.V.; Pidgeon, G.P. Pro-inflammatory and tumour proliferative properties of excess visceral adipose
tissue. Cancer Lett. 2011, 312, 62–72. [CrossRef] [PubMed]

28. Rebours, V.; Gaujoux, S.; d’Assignies, G.; Sauvanet, A.; Ruszniewski, P.; Lévy, P.; Paradis, V.; Bedossa, P.;
Couvelard, A. Obesity and Fatty Pancreatic Infiltration Are Risk Factors for Pancreatic Precancerous Lesions
(PanIN). Clin. Cancer Res. 2015, 21, 3522–3528. [CrossRef]

29. Chang, H.-H.; Moro, A.; Takakura, K.; Su, H.-Y.; Mo, A.; Nakanishi, M.; Waldron, R.T.; French, S.W.;
Dawson, D.W.; Hines, O.J.; et al. Incidence of pancreatic cancer is dramatically increased by a high fat, high
calorie diet in KrasG12D mice. PLoS ONE 2017, 12, e0184455. [CrossRef]

30. Kusminski, C.M.; Bickel, P.E.; Scherer, P.E. Targeting adipose tissue in the treatment of obesity-associated
diabetes. Nat. Rev. Drug Discov. 2016, 15, 639. [CrossRef]

31. Singh, R.G.; Yoon, H.D.; Wu, L.M.; Lu, J.; Plank, L.D.; Petrov, M.S. Ectopic fat accumulation in the pancreas
and its clinical relevance: A systematic review, meta-analysis, and meta-regression. Metabolism 2017, 69, 1–13.
[CrossRef] [PubMed]

32. Alberti-Huber, C.; Hauner, H.; Skurk, T.; Herder, C. Relationship between Adipocyte Size and Adipokine
Expression and Secretion. J. Clin. Endocrinol. Metab. 2007, 92, 1023–1033. [CrossRef]

33. Ouchi, N.; Parker, J.L.; Lugus, J.J.; Walsh, K. Adipokines in inflammation and metabolic disease. Nat. Rev.
Immunol. 2011, 11, 85. [CrossRef] [PubMed]

34. Deng, T.; Lyon, C.J.; Bergin, S.; Caligiuri, M.A.; Hsueh, W.A. Obesity, Inflammation, and Cancer. Annu. Rev.
Pathol.: Mech. Dis. 2016, 11, 421–449. [CrossRef] [PubMed]

35. Mathis, D. Immunological Goings-on in Visceral Adipose Tissue. Cell Metab. 2013, 17, 851–859. [CrossRef]
36. Wensveen, F.M.; Valentic, S.; Sestan, M.; Turk Wensveen, T.; Polic, B. The “Big Bang” in obese fat: Events

initiating obesity-induced adipose tissue inflammation. Eur. J. Immunol. 2015, 45, 2446–2456. [CrossRef]
37. Mohanan, S.; Horibata, S.; McElwee, J.L.; Dannenberg, A.J.; Coonrod, S.A. Identification of macrophage

extracellular trap-like structures in mammary gland adipose tissue: A preliminary study. Front Immunol.
2013, 4, 67. [CrossRef]

http://dx.doi.org/10.1007/s10552-012-0078-8
http://dx.doi.org/10.1097/MPA.0000000000001037
http://dx.doi.org/10.2337/db16-1477
http://dx.doi.org/10.1042/CS20160005
http://www.ncbi.nlm.nih.gov/pubmed/27503945
http://dx.doi.org/10.1097/MPA.0000000000000497
http://www.ncbi.nlm.nih.gov/pubmed/26495779
http://dx.doi.org/10.1016/j.cmet.2013.03.008
http://www.ncbi.nlm.nih.gov/pubmed/23583168
http://dx.doi.org/10.1038/s41598-017-09723-y
http://www.ncbi.nlm.nih.gov/pubmed/28887474
http://dx.doi.org/10.1097/MPA.0b013e318068fca6
http://www.ncbi.nlm.nih.gov/pubmed/17895853
http://dx.doi.org/10.1038/ni.3120
http://www.ncbi.nlm.nih.gov/pubmed/25729921
http://dx.doi.org/10.1016/j.canlet.2011.07.034
http://www.ncbi.nlm.nih.gov/pubmed/21890265
http://dx.doi.org/10.1158/1078-0432.CCR-14-2385
http://dx.doi.org/10.1371/journal.pone.0184455
http://dx.doi.org/10.1038/nrd.2016.75
http://dx.doi.org/10.1016/j.metabol.2016.12.012
http://www.ncbi.nlm.nih.gov/pubmed/28285638
http://dx.doi.org/10.1210/jc.2006-1055
http://dx.doi.org/10.1038/nri2921
http://www.ncbi.nlm.nih.gov/pubmed/21252989
http://dx.doi.org/10.1146/annurev-pathol-012615-044359
http://www.ncbi.nlm.nih.gov/pubmed/27193454
http://dx.doi.org/10.1016/j.cmet.2013.05.008
http://dx.doi.org/10.1002/eji.201545502
http://dx.doi.org/10.3389/fimmu.2013.00067


Cells 2019, 8, 673 10 of 16

38. Kim, J.; Chung, K.; Choi, C.; Beloor, J.; Ullah, I.; Kim, N.; Lee, K.Y.; Lee, S.-K.; Kumar, P. Silencing CCR2 in
Macrophages Alleviates Adipose Tissue Inflammation and the Associated Metabolic Syndrome in Dietary
Obese Mice. Mol. Ther. - Nucleic Acids 2016, 5, e280. [CrossRef]

39. Romeo Giulio, R.; Lee, J.; Shoelson Steven, E. Metabolic Syndrome, Insulin Resistance, and Roles of
Inflammation – Mechanisms and Therapeutic Targets. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 1771–1776.
[CrossRef]

40. Weisberg, S.P.; McCann, D.; Desai, M.; Rosenbaum, M.; Leibel, R.L.; Ferrante, A.W., Jr. Obesity is associated
with macrophage accumulation in adipose tissue. J. Clin. Investig. 2003, 112, 1796–1808. [CrossRef]

41. Patsouris, D.; Li, P.-P.; Thapar, D.; Chapman, J.; Olefsky, J.M.; Neels, J.G. Ablation of CD11c-Positive Cells
Normalizes Insulin Sensitivity in Obese Insulin Resistant Animals. Cell Metab. 2008, 8, 301–309. [CrossRef]
[PubMed]

42. Kanda, H.; Tateya, S.; Tamori, Y.; Kotani, K.; Hiasa, K.-I.; Kitazawa, R.; Kitazawa, S.; Miyachi, H.; Maeda, S.;
Egashira, K.; et al. MCP-1 contributes to macrophage infiltration into adipose tissue, insulin resistance, and
hepatic steatosis in obesity. J. Clin. Investig. 2006, 116, 1494–1505. [CrossRef] [PubMed]

43. Weisberg, S.P.; Hunter, D.; Huber, R.; Lemieux, J.; Slaymaker, S.; Vaddi, K.; Charo, I.; Leibel, R.L.;
Ferrante, A.W., Jr. CCR2 modulates inflammatory and metabolic effects of high-fat feeding. J. Clin. Investig.
2006, 116, 115–124. [CrossRef] [PubMed]

44. Kamei, N.; Tobe, K.; Suzuki, R.; Ohsugi, M.; Watanabe, T.; Kubota, N.; Ohtsuka-Kowatari, N.; Kumagai, K.;
Sakamoto, K.; Kobayashi, M.; et al. Overexpression of Monocyte Chemoattractant Protein-1 in Adipose
Tissues Causes Macrophage Recruitment and Insulin Resistance. J. Biol. Chem. 2006, 281, 26602–26614.
[CrossRef] [PubMed]

45. Coats, B.R.; Schoenfelt, K.Q.; Barbosa-Lorenzi, V.C.; Peris, E.; Cui, C.; Hoffman, A.; Zhou, G.; Fernandez, S.;
Zhai, L.; Hall, B.A.; et al. Metabolically Activated Adipose Tissue Macrophages Perform Detrimental and
Beneficial Functions during Diet-Induced Obesity. Cell Rep. 2017, 20, 3149–3161. [CrossRef]

46. Parks, B.W.; Nam, E.; Org, E.; Kostem, E.; Norheim, F.; Hui, S.T.; Pan, C.; Civelek, M.; Rau, C.D.; Bennett, B.J.;
et al. Genetic Control of Obesity and Gut Microbiota Composition in Response to High-Fat, High-Sucrose
Diet in Mice. Cell Metab. 2013, 17, 141–152. [CrossRef] [PubMed]

47. Turnbaugh, P.J.; Bäckhed, F.; Fulton, L.; Gordon, J.I. Diet-Induced Obesity Is Linked to Marked but Reversible
Alterations in the Mouse Distal Gut Microbiome. Cell Host Microbe 2008, 3, 213–223. [CrossRef] [PubMed]

48. Amar, J.; Chabo, C.; Waget, A.; Klopp, P.; Vachoux, C.; Bermúdez-Humarán, L.G.; Smirnova, N.; Bergé, M.;
Sulpice, T.; Lahtinen, S.; et al. Intestinal mucosal adherence and translocation of commensal bacteria at
the early onset of type 2 diabetes: Molecular mechanisms and probiotic treatment. Embo Mol. Med. 2011,
3, 559–572. [CrossRef] [PubMed]

49. Boutagy, N.E.; McMillan, R.P.; Frisard, M.I.; Hulver, M.W. Metabolic endotoxemia with obesity: Is it real and
is it relevant? Biochimie 2016, 124, 11–20. [CrossRef]

50. Cani, P.D.; Bibiloni, R.; Knauf, C.; Waget, A.; Neyrinck, A.M.; Delzenne, N.M.; Burcelin, R. Changes in Gut
Microbiota Control Metabolic Endotoxemia-Induced Inflammation in High-Fat Diet–Induced Obesity and
Diabetes in Mice. Diabetes 2008, 57, 1470–1481. [CrossRef] [PubMed]

51. Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.;
Chabo, C.; et al. Metabolic Endotoxemia Initiates Obesity and Insulin Resistance. Diabetes 2007, 56, 1761–1772.
[CrossRef] [PubMed]

52. Caesar, R.; Reigstad, C.S.; Bäckhed, H.K.; Reinhardt, C.; Ketonen, M.; Östergren Lundén, G.; Cani, P.D.;
Bäckhed, F. Gut-derived lipopolysaccharide augments adipose macrophage accumulation but is not essential
for impaired glucose or insulin tolerance in mice. Gut 2012, 61, 1701–1707. [CrossRef] [PubMed]

53. Caesar, R.; Tremaroli, V.; Kovatcheva-Datchary, P.; Cani, P.D.; Bäckhed, F. Crosstalk between Gut Microbiota
and Dietary Lipids Aggravates WAT Inflammation through TLR Signaling. Cell Metab. 2015, 22, 658–668.
[CrossRef] [PubMed]

54. Guerra, C.; Schuhmacher, A.J.; Cañamero, M.; Grippo, P.J.; Verdaguer, L.; Pérez-Gallego, L.; Dubus, P.;
Sandgren, E.P.; Barbacid, M. Chronic Pancreatitis Is Essential for Induction of Pancreatic Ductal
Adenocarcinoma by K-Ras Oncogenes in Adult Mice. Cancer Cell 2007, 11, 291–302. [CrossRef] [PubMed]

55. Philip, B.; Roland, C.L.; Daniluk, J.; Liu, Y.; Chatterjee, D.; Gomez, S.B.; Ji, B.; Huang, H.; Wang, H.;
Fleming, J.B.; et al. A high-fat diet activates oncogenic Kras and COX2 to induce development of pancreatic
ductal adenocarcinoma in mice. Gastroenterology 2013, 145, 1449–1458. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/mtna.2015.51
http://dx.doi.org/10.1161/ATVBAHA.111.241869
http://dx.doi.org/10.1172/JCI200319246
http://dx.doi.org/10.1016/j.cmet.2008.08.015
http://www.ncbi.nlm.nih.gov/pubmed/18840360
http://dx.doi.org/10.1172/JCI26498
http://www.ncbi.nlm.nih.gov/pubmed/16691291
http://dx.doi.org/10.1172/JCI24335
http://www.ncbi.nlm.nih.gov/pubmed/16341265
http://dx.doi.org/10.1074/jbc.M601284200
http://www.ncbi.nlm.nih.gov/pubmed/16809344
http://dx.doi.org/10.1016/j.celrep.2017.08.096
http://dx.doi.org/10.1016/j.cmet.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23312289
http://dx.doi.org/10.1016/j.chom.2008.02.015
http://www.ncbi.nlm.nih.gov/pubmed/18407065
http://dx.doi.org/10.1002/emmm.201100159
http://www.ncbi.nlm.nih.gov/pubmed/21735552
http://dx.doi.org/10.1016/j.biochi.2015.06.020
http://dx.doi.org/10.2337/db07-1403
http://www.ncbi.nlm.nih.gov/pubmed/18305141
http://dx.doi.org/10.2337/db06-1491
http://www.ncbi.nlm.nih.gov/pubmed/17456850
http://dx.doi.org/10.1136/gutjnl-2011-301689
http://www.ncbi.nlm.nih.gov/pubmed/22535377
http://dx.doi.org/10.1016/j.cmet.2015.07.026
http://www.ncbi.nlm.nih.gov/pubmed/26321659
http://dx.doi.org/10.1016/j.ccr.2007.01.012
http://www.ncbi.nlm.nih.gov/pubmed/17349585
http://dx.doi.org/10.1053/j.gastro.2013.08.018
http://www.ncbi.nlm.nih.gov/pubmed/23958541


Cells 2019, 8, 673 11 of 16

56. Dawson, D.W.; Hertzer, K.; Moro, A.; Donald, G.; Chang, H.H.; Go, V.L.; Pandol, S.J.; Lugea, A.;
Gukovskaya, A.S.; Li, G.; et al. High-fat, high-calorie diet promotes early pancreatic neoplasia in the
conditional KrasG12D mouse model. Cancer Prev. Res. (Phila) 2013, 6, 1064–1073. [CrossRef] [PubMed]

57. Xu, M.; Chang, H.-H.; Jung, X.; Moro, A.; Chou, C.E.N.; King, J.; Hines, O.J.; Sinnett-Smith, J.; Rozengurt, E.;
Eibl, G. Deficiency in hormone-sensitive lipase accelerates the development of pancreatic cancer in conditional
KrasG12D mice. BMC Cancer 2018, 18, 797. [CrossRef]

58. Babic, A.; Bao, Y.; Qian, Z.R.; Yuan, C.; Giovannucci, E.L.; Aschard, H.; Kraft, P.; Amundadottir, L.T.;
Stolzenberg-Solomon, R.; Morales-Oyarvide, V.; et al. Pancreatic Cancer Risk Associated with Prediagnostic
Plasma Levels of Leptin and Leptin Receptor Genetic Polymorphisms. Cancer Res. 2016, 76, 7160–7167.
[CrossRef]

59. Stolzenberg-Solomon, R.Z.; Newton, C.C.; Silverman, D.T.; Pollak, M.; Nogueira, L.M.; Weinstein, S.J.;
Albanes, D.; Männistö, S.; Jacobs, E.J. Circulating Leptin and Risk of Pancreatic Cancer: A Pooled Analysis
From 3 Cohorts. Am. J. Epidemiol. 2015, 182, 187–197. [CrossRef]

60. Bao, Y.; Giovannucci, E.L.; Kraft, P.; Stampfer, M.J.; Ogino, S.; Ma, J.; Buring, J.E.; Sesso, H.D.; Lee, I.M.;
Gaziano, J.M.; et al. A prospective study of plasma adiponectin and pancreatic cancer risk in five US cohorts.
J. Natl. Cancer Inst. 2013, 105, 95–103. [CrossRef]

61. Zyromski, N.J.; Mathur, A.; Pitt, H.A.; Wade, T.E.; Wang, S.; Nakshatri, P.; Swartz-Basile, D.A.; Nakshatri, H.
Obesity potentiates the growth and dissemination of pancreatic cancer. Surgery 2009, 146, 258–263. [CrossRef]
[PubMed]

62. VanSaun, M.N. Molecular Pathways: Adiponectin and Leptin Signaling in Cancer. Clin. Cancer Res. 2013,
19, 1926–1932. [CrossRef] [PubMed]

63. Grote, V.A.; Rohrmann, S.; Dossus, L.; Nieters, A.; Halkjær, J.; Tjønneland, A.; Overvad, K.; Stegger, J.;
Chabbert-Buffet, N.; Boutron-Ruault, M.-C.; et al. The association of circulating adiponectin levels with
pancreatic cancer risk: A study within the prospective EPIC cohort. Int. J. Cancer 2012, 130, 2428–2437.
[CrossRef] [PubMed]

64. Mendonsa, A.M.; Chalfant, M.C.; Gorden, L.D.; VanSaun, M.N. Modulation of the Leptin Receptor Mediates
Tumor Growth and Migration of Pancreatic Cancer Cells. PLoS ONE 2015, 10, e0126686. [CrossRef] [PubMed]

65. Huang, B.; Cheng, X.; Wang, D.; Peng, M.; Xue, Z.; Da, Y.; Zhang, N.; Yao, Z.; Li, M.; Xu, A.; et al. Adiponectin
promotes pancreatic cancer progression by inhibiting apoptosis via the activation of AMPK/Sirt1/PGC-1alpha
signaling. Oncotarget 2014, 5, 4732–4745. [CrossRef] [PubMed]

66. Pothuraju, R.; Rachagani, S.; Junker, W.M.; Chaudhary, S.; Saraswathi, V.; Kaur, S.; Batra, S.K. Pancreatic
cancer associated with obesity and diabetes: An alternative approach for its targeting. J. Exp. Clin. Cancer Res.
2018, 37, 319. [CrossRef]

67. Dalamaga, M.; Migdalis, I.; Fargnoli, J.L.; Papadavid, E.; Bloom, E.; Mitsiades, N.; Karmaniolas, K.;
Pelecanos, N.; Tseleni-Balafouta, S.; Dionyssiou-Asteriou, A.; et al. Pancreatic Cancer Expresses Adiponectin
Receptors and Is Associated with Hypoleptinemia and Hyperadiponectinemia: A Case–Control Study.
Cancer Causes Control 2009, 20, 625–633. [CrossRef] [PubMed]

68. Krechler, T.; Zeman, M.; Vecka, M.; Macasek, J.; Jachymova, M.; Zima, T.; Zak, A. Leptin and adiponectin in
pancreatic cancer: Connection with diabetes mellitus. Neoplasma 2011, 58, 58–64. [CrossRef]

69. Petersen, G.M.; Amundadottir, L.; Fuchs, C.S.; Kraft, P.; Stolzenberg-Solomon, R.Z.; Jacobs, K.B.; Arslan, A.A.;
Bueno-de-Mesquita, H.B.; Gallinger, S.; Gross, M.; et al. A genome-wide association study identifies
pancreatic cancer susceptibility loci on chromosomes 13q22.1, 1q32.1 and 5p15.33. Nat. Genet 2010,
42, 224–228. [CrossRef]

70. Mathur, A.; Zyromski, N.J.; Pitt, H.A.; Al-Azzawi, H.; Walker, J.J.; Saxena, R.; Lillemoe, K.D. Pancreatic
Steatosis Promotes Dissemination and Lethality of Pancreatic Cancer. J. Am. Coll. Surg. 2009, 208, 989–994.
[CrossRef]

71. White, P.B.; True, E.M.; Ziegler, K.M.; Wang, S.S.; Swartz-Basile, D.A.; Pitt, H.A.; Zyromski, N.J. Insulin,
Leptin, and Tumoral Adipocytes Promote Murine Pancreatic Cancer Growth. J. Gastrointest. Surg. 2010,
14, 1888–1894. [CrossRef] [PubMed]

72. Tilg, H.; Moschen, A.R. Adipocytokines: Mediators linking adipose tissue, inflammation and immunity.
Nat. Rev. Immunol. 2006, 6, 772–783. [CrossRef] [PubMed]

73. Carbone, F.; La Rocca, C.; Matarese, G. Immunological functions of leptin and adiponectin. Biochimie 2012,
94, 2082–2088. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/1940-6207.CAPR-13-0065
http://www.ncbi.nlm.nih.gov/pubmed/23943783
http://dx.doi.org/10.1186/s12885-018-4713-y
http://dx.doi.org/10.1158/0008-5472.CAN-16-1699
http://dx.doi.org/10.1093/aje/kwv041
http://dx.doi.org/10.1093/jnci/djs474
http://dx.doi.org/10.1016/j.surg.2009.02.024
http://www.ncbi.nlm.nih.gov/pubmed/19628082
http://dx.doi.org/10.1158/1078-0432.CCR-12-0930
http://www.ncbi.nlm.nih.gov/pubmed/23355630
http://dx.doi.org/10.1002/ijc.26244
http://www.ncbi.nlm.nih.gov/pubmed/21681743
http://dx.doi.org/10.1371/journal.pone.0126686
http://www.ncbi.nlm.nih.gov/pubmed/25919692
http://dx.doi.org/10.18632/oncotarget.1963
http://www.ncbi.nlm.nih.gov/pubmed/25051362
http://dx.doi.org/10.1186/s13046-018-0963-4
http://dx.doi.org/10.1007/s10552-008-9273-z
http://www.ncbi.nlm.nih.gov/pubmed/19051043
http://dx.doi.org/10.4149/neo_2011_01_58
http://dx.doi.org/10.1038/ng.522
http://dx.doi.org/10.1016/j.jamcollsurg.2008.12.026
http://dx.doi.org/10.1007/s11605-010-1349-x
http://www.ncbi.nlm.nih.gov/pubmed/20859700
http://dx.doi.org/10.1038/nri1937
http://www.ncbi.nlm.nih.gov/pubmed/16998510
http://dx.doi.org/10.1016/j.biochi.2012.05.018
http://www.ncbi.nlm.nih.gov/pubmed/22750129


Cells 2019, 8, 673 12 of 16

74. Auguet, T.; Quintero, Y.; Terra, X.; Martínez, S.; Lucas, A.; Pellitero, S.; Aguilar, C.; Hernández, M.;
Del Castillo, D.; Richart, C. Upregulation of Lipocalin 2 in Adipose Tissues of Severely Obese Women:
Positive Relationship With Proinflammatory Cytokines. Obesity 2011, 19, 2295–2300. [CrossRef] [PubMed]

75. Gomez-Chou, S.B.; Swidnicka-Siergiejko, A.K.; Badi, N.; Chavez-Tomar, M.; Lesinski, G.B.; Bekaii-Saab, T.;
Farren, M.R.; Mace, T.A.; Schmidt, C.; Liu, Y.; et al. Lipocalin-2 Promotes Pancreatic Ductal Adenocarcinoma
by Regulating Inflammation in the Tumor Microenvironment. Cancer Res. 2017, 77, 2647–2660. [CrossRef]
[PubMed]

76. Kim, C.S.; Park, H.S.; Kawada, T.; Kim, J.H.; Lim, D.; Hubbard, N.E.; Kwon, B.S.; Erickson, K.L.; Yu, R.
Circulating levels of MCP-1 and IL-8 are elevated in human obese subjects and associated with obesity-related
parameters. Int. J. Obes. 2006, 30, 1347–1355. [CrossRef] [PubMed]

77. Huber, J.; Kiefer, F.W.; Zeyda, M.; Ludvik, B.; Silberhumer, G.R.; Prager, G.; Zlabinger, G.J.; Stulnig, T.M.
CC Chemokine and CC Chemokine Receptor Profiles in Visceral and Subcutaneous Adipose Tissue Are
Altered in Human Obesity. J. Clin. Endocrinol. Metab. 2008, 93, 3215–3221. [CrossRef]

78. Hotamisligil, G.S.; Arner, P.; Caro, J.F.; Atkinson, R.L.; Spiegelman, B.M. Increased adipose tissue expression
of tumor necrosis factor-alpha in human obesity and insulin resistance. J. Clin. Investig. 1995, 95, 2409–2415.
[CrossRef]

79. Kern, P.A.; Ranganathan, S.; Li, C.; Wood, L.; Ranganathan, G. Adipose tissue tumor necrosis factor and
interleukin-6 expression in human obesity and insulin resistance. Am. J. Physiol. -Endocrinol. Metab. 2001,
280, E745–E751. [CrossRef]

80. Khasawneh, J.; Schulz, M.D.; Walch, A.; Rozman, J.; de Angelis, M.H.; Klingenspor, M.; Buck, A.; Schwaiger, M.;
Saur, D.; Schmid, R.M.; et al. Inflammation and mitochondrial fatty acid β-oxidation link obesity to early
tumor promotion. Proc. Natl. Acad. Sci. 2009, 106, 3354–3359. [CrossRef]

81. Wang, W.; Abbruzzese, J.L.; Evans, D.B.; Larry, L.; Cleary, K.R.; Chiao, P.J. The Nuclear Factor-κB RelA
Transcription Factor Is Constitutively Activated in Human Pancreatic Adenocarcinoma Cells. Clin. Cancer Res.
1999, 5, 119–127. [PubMed]

82. Maier, H.J.; Schmidt-Straßburger, U.; Huber, M.A.; Wiedemann, E.M.; Beug, H.; Wirth, T. NF-κB promotes
epithelial–mesenchymal transition, migration and invasion of pancreatic carcinoma cells. Cancer Lett. 2010,
295, 214–228. [CrossRef]

83. Kong, R.; Sun, B.; Jiang, H.; Pan, S.; Chen, H.; Wang, S.; Krissansen, G.W.; Sun, X. Downregulation of
nuclear factor-κB p65 subunit by small interfering RNA synergizes with gemcitabine to inhibit the growth of
pancreatic cancer. Cancer Lett. 2010, 291, 90–98. [CrossRef] [PubMed]

84. Maniati, E.; Bossard, M.; Cook, N.; Candido, J.B.; Emami-Shahri, N.; Nedospasov, S.A.; Balkwill, F.R.;
Tuveson, D.A.; Hagemann, T. Crosstalk between the canonical NF-κB and Notch signaling pathways inhibits
Pparγ expression and promotes pancreatic cancer progression in mice. J. Clin. Investig. 2011, 121, 4685–4699.
[CrossRef] [PubMed]

85. Reilly, S.M.; Saltiel, A.R. Adapting to obesity with adipose tissue inflammation. Nat. Rev. Endocrinol. 2017,
13, 633. [CrossRef] [PubMed]

86. Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross, J.S.; Tartaglia, L.A.;
et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance.
J. Clin. Investig. 2003, 112, 1821–1830. [CrossRef] [PubMed]

87. Taniguchi, K.; Karin, M. IL-6 and related cytokines as the critical lynchpins between inflammation and cancer.
Semin. Immunol. 2014, 26, 54–74. [CrossRef] [PubMed]

88. Lesina, M.; Wörmann, S.M.; Neuhöfer, P.; Song, L.; Algül, H. Interleukin-6 in inflammatory and malignant
diseases of the pancreas. Semin. Immunol. 2014, 26, 80–87. [CrossRef]

89. Lesina, M.; Kurkowski, M.U.; Ludes, K.; Rose-John, S.; Treiber, M.; Klöppel, G.; Yoshimura, A.; Reindl, W.;
Sipos, B.; Akira, S.; et al. Stat3/Socs3 Activation by IL-6 Transsignaling Promotes Progression of Pancreatic
Intraepithelial Neoplasia and Development of Pancreatic Cancer. Cancer Cell 2011, 19, 456–469. [CrossRef]

90. Fukuda, A.; Wang, S.C.; Morris, J.P.; Folias, A.E.; Liou, A.; Kim, G.E.; Akira, S.; Boucher, K.M.; Firpo, M.A.;
Mulvihill, S.J.; et al. Stat3 and MMP7 Contribute to Pancreatic Ductal Adenocarcinoma Initiation and
Progression. Cancer Cell 2011, 19, 441–455. [CrossRef] [PubMed]

91. Kang, R.; Loux, T.; Tang, D.; Schapiro, N.E.; Vernon, P.; Livesey, K.M.; Krasinskas, A.; Lotze, M.T.; Zeh, H.J.
The expression of the receptor for advanced glycation endproducts (RAGE) is permissive for early pancreatic
neoplasia. Proc. Natl. Acad. Sci. 2012, 109, 7031–7036. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/oby.2011.61
http://www.ncbi.nlm.nih.gov/pubmed/21455126
http://dx.doi.org/10.1158/0008-5472.CAN-16-1986
http://www.ncbi.nlm.nih.gov/pubmed/28249896
http://dx.doi.org/10.1038/sj.ijo.0803259
http://www.ncbi.nlm.nih.gov/pubmed/16534530
http://dx.doi.org/10.1210/jc.2007-2630
http://dx.doi.org/10.1172/JCI117936
http://dx.doi.org/10.1152/ajpendo.2001.280.5.E745
http://dx.doi.org/10.1073/pnas.0802864106
http://www.ncbi.nlm.nih.gov/pubmed/9918209
http://dx.doi.org/10.1016/j.canlet.2010.03.003
http://dx.doi.org/10.1016/j.canlet.2009.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19880242
http://dx.doi.org/10.1172/JCI45797
http://www.ncbi.nlm.nih.gov/pubmed/22056382
http://dx.doi.org/10.1038/nrendo.2017.90
http://www.ncbi.nlm.nih.gov/pubmed/28799554
http://dx.doi.org/10.1172/JCI200319451
http://www.ncbi.nlm.nih.gov/pubmed/14679177
http://dx.doi.org/10.1016/j.smim.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24552665
http://dx.doi.org/10.1016/j.smim.2014.01.002
http://dx.doi.org/10.1016/j.ccr.2011.03.009
http://dx.doi.org/10.1016/j.ccr.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21481787
http://dx.doi.org/10.1073/pnas.1113865109
http://www.ncbi.nlm.nih.gov/pubmed/22509024


Cells 2019, 8, 673 13 of 16

92. Scholz, A.; Heinze, S.; Detjen, K.M.; Peters, M.; Welzel, M.; Hauff, P.; Schirner, M.; Wiedenmann, B.;
Rosewicz, S. Activated signal transducer and activator of transcription 3 (STAT3) supports the malignant
phenotype of human pancreatic cancer. Gastroenterology 2003, 125, 891–905. [CrossRef]

93. Huang, C.; Huang, R.; Chang, W.; Jiang, T.; Huang, K.; Cao, J.; Sun, X.; Qiu, Z. The expression and clinical
significance of pSTAT3, VEGF and VEGF-C in pancreatic adenocarcinoma. Neoplasma 2012, 59, 52–61.
[CrossRef] [PubMed]

94. Hamacher, R.; Diersch, S.; Scheibel, M.; Eckel, F.; Mayr, M.; Rad, R.; Bajbouj, M.; Schmid, R.M.; Saur, D.;
Schneider, G. Interleukin 1 beta gene promoter SNPs are associated with risk of pancreatic cancer. Cytokine
2009, 46, 182–186. [CrossRef] [PubMed]

95. Hotamisligil, G.; Shargill, N.; Spiegelman, B. Adipose expression of tumor necrosis factor-alpha: Direct role
in obesity-linked insulin resistance. Science 1993, 259, 87–91. [CrossRef] [PubMed]

96. Bruun, J.M.; Lihn, A.S.; Verdich, C.; Pedersen, S.B.; Toubro, S.; Astrup, A.; Richelsen, B. Regulation of
adiponectin by adipose tissue-derived cytokines: In vivo and in vitro investigations in humans. Am. J.
Physiol. -Endocrinol. Metab. 2003, 285, E527–E533. [CrossRef] [PubMed]

97. Biffi, G.; Oni, T.E.; Spielman, B.; Hao, Y.; Elyada, E.; Park, Y.; Preall, J.; Tuveson, D.A. IL1-Induced JAK/STAT
Signaling Is Antagonized by TGFβ to Shape CAF Heterogeneity in Pancreatic Ductal Adenocarcinoma.
Cancer Discov. 2019, 9, 282–301. [CrossRef] [PubMed]

98. Brunetto, E.; De Monte, L.; Balzano, G.; Camisa, B.; Laino, V.; Riba, M.; Heltai, S.; Bianchi, M.; Bordignon, C.;
Falconi, M.; et al. The IL-1/IL-1 receptor axis and tumor cell released inflammasome adaptor ASC are key
regulators of TSLP secretion by cancer associated fibroblasts in pancreatic cancer. J. Immunother. Cancer 2019,
7, 45. [CrossRef] [PubMed]

99. Mitsunaga, S.; Ikeda, M.; Shimizu, S.; Ohno, I.; Furuse, J.; Inagaki, M.; Higashi, S.; Kato, H.; Terao, K.;
Ochiai, A. Serum levels of IL-6 and IL-1β can predict the efficacy of gemcitabine in patients with advanced
pancreatic cancer. Br. J. Cancer 2013, 108, 2063. [CrossRef] [PubMed]

100. Denley, S.M.; Jamieson, N.B.; McCall, P.; Oien, K.A.; Morton, J.P.; Carter, C.R.; Edwards, J.; McKay, C.J.
Activation of the IL-6R/Jak/Stat Pathway is Associated with a Poor Outcome in Resected Pancreatic Ductal
Adenocarcinoma. J. Gastrointest. Surg. 2013, 17, 887–898. [CrossRef]

101. Zhao, X.; Fan, W.; Xu, Z.; Chen, H.; He, Y.; Yang, G.; Yang, G.; Hu, H.; Tang, S.; Wang, P.; et al. Inhibiting
tumor necrosis factor-alpha diminishes desmoplasia and inflammation to overcome chemoresistance in
pancreatic ductal adenocarcinoma. Oncotarget 2016, 7, 81110–81122. [CrossRef] [PubMed]

102. Baumgart, S.; Ellenrieder, V.; Fernandez-Zapico, M.E. Oncogenic transcription factors: Cornerstones of
inflammation-linked pancreatic carcinogenesis. Gut 2013, 62, 310–316. [CrossRef] [PubMed]

103. Schwabe, R.F.; Jobin, C. The microbiome and cancer. Nat. Rev. Cancer 2013, 13, 800. [CrossRef]
104. Farrell, J.J.; Zhang, L.; Zhou, H.; Chia, D.; Elashoff, D.; Akin, D.; Paster, B.J.; Joshipura, K.; Wong, D.T.W.

Variations of oral microbiota are associated with pancreatic diseases including pancreatic cancer. Gut 2012,
61, 582–588. [CrossRef] [PubMed]

105. Fan, X.; Alekseyenko, A.V.; Wu, J.; Peters, B.A.; Jacobs, E.J.; Gapstur, S.M.; Purdue, M.P.; Abnet, C.C.;
Stolzenberg-Solomon, R.; Miller, G.; et al. Human oral microbiome and prospective risk for pancreatic cancer:
A population-based nested case-control study. Gut 2018, 67, 120–127. [CrossRef] [PubMed]

106. Michaud, D.S.; Izard, J.; Wilhelm-Benartzi, C.S.; You, D.-H.; Grote, V.A.; Tjønneland, A.; Dahm, C.C.;
Overvad, K.; Jenab, M.; Fedirko, V.; et al. Plasma antibodies to oral bacteria and risk of pancreatic cancer in a
large European prospective cohort study. Gut 2013, 62, 1764–1770. [CrossRef] [PubMed]

107. Ding, S.-P.; Li, J.-C.; Jin, C. A mouse model of severe acute pancreatitis induced with caerulein and
lipopolysaccharide. World J. Gastroenterol 2003, 9, 584–589. [CrossRef]

108. Sharif, R.; Dawra, R.; Wasiluk, K.; Phillips, P.; Dudeja, V.; Kurt-Jones, E.; Finberg, R.; Saluja, A. Impact of
toll-like receptor 4 on the severity of acute pancreatitis and pancreatitis-associated lung injury in mice. Gut
2009, 58, 813–819. [CrossRef] [PubMed]

109. Ochi, A.; Nguyen, A.H.; Bedrosian, A.S.; Mushlin, H.M.; Zarbakhsh, S.; Barilla, R.; Zambirinis, C.P.;
Fallon, N.C.; Rehman, A.; Pylayeva-Gupta, Y.; et al. MyD88 inhibition amplifies dendritic cell capacity to
promote pancreatic carcinogenesis via Th2 cells. J. Exp. Med. 2012, 209, 1671–1687. [CrossRef]

110. Ochi, A.; Graffeo, C.S.; Zambirinis, C.P.; Rehman, A.; Hackman, M.; Fallon, N.; Barilla, R.M.; Henning, J.R.;
Jamal, M.; Rao, R.; et al. Toll-like receptor 7 regulates pancreatic carcinogenesis in mice and humans. J. Clin.
Investig. 2012, 122, 4118–4129. [CrossRef]

http://dx.doi.org/10.1016/S0016-5085(03)01064-3
http://dx.doi.org/10.4149/neo_2012_007
http://www.ncbi.nlm.nih.gov/pubmed/22082308
http://dx.doi.org/10.1016/j.cyto.2009.01.005
http://www.ncbi.nlm.nih.gov/pubmed/19251436
http://dx.doi.org/10.1126/science.7678183
http://www.ncbi.nlm.nih.gov/pubmed/7678183
http://dx.doi.org/10.1152/ajpendo.00110.2003
http://www.ncbi.nlm.nih.gov/pubmed/12736161
http://dx.doi.org/10.1158/2159-8290.CD-18-0710
http://www.ncbi.nlm.nih.gov/pubmed/30366930
http://dx.doi.org/10.1186/s40425-019-0521-4
http://www.ncbi.nlm.nih.gov/pubmed/30760333
http://dx.doi.org/10.1038/bjc.2013.174
http://www.ncbi.nlm.nih.gov/pubmed/23591198
http://dx.doi.org/10.1007/s11605-013-2168-7
http://dx.doi.org/10.18632/oncotarget.13212
http://www.ncbi.nlm.nih.gov/pubmed/27835602
http://dx.doi.org/10.1136/gutjnl-2011-301008
http://www.ncbi.nlm.nih.gov/pubmed/21997559
http://dx.doi.org/10.1038/nrc3610
http://dx.doi.org/10.1136/gutjnl-2011-300784
http://www.ncbi.nlm.nih.gov/pubmed/21994333
http://dx.doi.org/10.1136/gutjnl-2016-312580
http://www.ncbi.nlm.nih.gov/pubmed/27742762
http://dx.doi.org/10.1136/gutjnl-2012-303006
http://www.ncbi.nlm.nih.gov/pubmed/22990306
http://dx.doi.org/10.3748/wjg.v9.i3.584
http://dx.doi.org/10.1136/gut.2008.170423
http://www.ncbi.nlm.nih.gov/pubmed/19201771
http://dx.doi.org/10.1084/jem.20111706
http://dx.doi.org/10.1172/JCI63606


Cells 2019, 8, 673 14 of 16

111. Daniluk, J.; Liu, Y.; Deng, D.; Chu, J.; Huang, H.; Gaiser, S.; Cruz-Monserrate, Z.; Wang, H.; Ji, B.; Logsdon, C.D.
An NF-κB pathway-mediated positive feedback loop amplifies Ras activity to pathological levels in mice.
J. Clin. Investig. 2012, 122, 1519–1528. [CrossRef] [PubMed]

112. Martinez-Useros, J.; Li, W.; Cabeza-Morales, M.; Garcia-Foncillas, J. Oxidative Stress: A New Target for
Pancreatic Cancer Prognosis and Treatment. J. Clin. Med. 2017, 6, 29. [CrossRef] [PubMed]

113. Zhang, L.; Li, J.; Zong, L.; Chen, X.; Chen, K.; Jiang, Z.; Nan, L.; Li, X.; Li, W.; Shan, T.; et al. Reactive Oxygen
Species and Targeted Therapy for Pancreatic Cancer. Oxidative Med. Cell. Longev. 2016, 2016, 9. [CrossRef]
[PubMed]

114. Egberts, J.-H.; Cloosters, V.; Noack, A.; Schniewind, B.; Thon, L.; Klose, S.; Kettler, B.; von Forstner, C.;
Kneitz, C.; Tepel, J.; et al. Anti–Tumor Necrosis Factor Therapy Inhibits Pancreatic Tumor Growth and
Metastasis. Cancer Res. 2008, 68, 1443–1450. [CrossRef] [PubMed]

115. Zhuang, Z.; Ju, H.-Q.; Aguilar, M.; Gocho, T.; Li, H.; Iida, T.; Lee, H.; Fan, X.; Zhou, H.; Ling, J.; et al. IL1
Receptor Antagonist Inhibits Pancreatic Cancer Growth by Abrogating NF-κB Activation. Clin. Cancer Res.
2016, 22, 1432–1444. [CrossRef] [PubMed]

116. Long, K.B.; Tooker, G.; Tooker, E.; Luque, S.L.; Lee, J.W.; Pan, X.; Beatty, G.L. IL6 Receptor Blockade Enhances
Chemotherapy Efficacy in Pancreatic Ductal Adenocarcinoma. Mol. Cancer Ther. 2017, 16, 1898–1908.
[CrossRef] [PubMed]

117. Padoan, A.; Plebani, M.; Basso, D. Inflammation and Pancreatic Cancer: Focus on Metabolism, Cytokines,
and Immunity. Int. J. Mol. Sci. 2019, 20, 676. [CrossRef] [PubMed]

118. Sloan-Lancaster, J.; Abu-Raddad, E.; Polzer, J.; Miller, J.W.; Scherer, J.C.; De Gaetano, A.; Berg, J.K.;
Landschulz, W.H. Double-Blind, Randomized Study Evaluating the Glycemic and Anti-inflammatory Effects
of Subcutaneous LY2189102, a Neutralizing IL-1β Antibody, in Patients With Type 2 Diabetes. Diabetes Care
2013, 36, 2239–2246. [CrossRef] [PubMed]

119. Moller, D.E. Potential role of TNF-alpha in the pathogenesis of insulin resistance and type 2 diabetes. Trends
Endocrinol. Metab 2000, 11, 212–217. [CrossRef]

120. Herman, J.M.; Wild, A.T.; Wang, H.; Tran, P.T.; Chang, K.J.; Taylor, G.E.; Donehower, R.C.; Pawlik, T.M.;
Ziegler, M.A.; Cai, H.; et al. Randomized phase III multi-institutional study of TNFerade biologic with
fluorouracil and radiotherapy for locally advanced pancreatic cancer: Final results. J. Clin. Oncol. 2013, 31,
886–894. [CrossRef]

121. Wu, C.; Fernandez, S.A.; Criswell, T.; Chidiac, T.A.; Guttridge, D.; Villalona-Calero, M.; Bekaii-Saab, T.S.
Disrupting cytokine signaling in pancreatic cancer: A phase I/II study of etanercept in combination with
gemcitabine in patients with advanced disease. Pancreas 2013, 42, 813–818. [CrossRef] [PubMed]

122. Taylor, F.; Huffman, M.D.; Macedo, A.F.; Moore, T.H.; Burke, M.; Davey Smith, G.; Ward, K.; Ebrahim, S.
Statins for the primary prevention of cardiovascular disease. Cochrane Database Syst. Rev. 2013. [CrossRef]

123. Abdullah, M.I.; de Wolf, E.; Jawad, M.J.; Richardson, A. The poor design of clinical trials of statins in oncology
may explain their failure - Lessons for drug repurposing. Cancer Treat Rev. 2018, 69, 84–89. [CrossRef]
[PubMed]

124. Mei, Z.; Liang, M.; Li, L.; Zhang, Y.; Wang, Q.; Yang, W. Effects of statins on cancer mortality and progression:
A systematic review and meta-analysis of 95 cohorts including 1,111,407 individuals. Int. J. Cancer 2017,
140, 1068–1081. [CrossRef] [PubMed]

125. Bonovas, S.; Filioussi, K.; Sitaras, N.M. Statins are not associated with a reduced risk of pancreatic cancer
at the population level, when taken at low doses for managing hypercholesterolemia: Evidence from a
meta-analysis of 12 studies. Am. J. Gastroenterol 2008, 103, 2646–2651. [CrossRef] [PubMed]

126. Bradley, M.C.; Hughes, C.M.; Cantwell, M.M.; Murray, L.J. Statins and pancreatic cancer risk: A nested
case-control study. Cancer Causes Control 2010, 21, 2093–2100. [CrossRef] [PubMed]

127. Jacobs, E.J.; Newton, C.C.; Thun, M.J.; Gapstur, S.M. Long-term use of cholesterol-lowering drugs and cancer
incidence in a large United States cohort. Cancer Res. 2011, 71, 1763–1771. [CrossRef]

128. Simon, M.S.; Desai, P.; Wallace, R.; Wu, C.; Howard, B.V.; Martin, L.W.; Schlecht, N.; Liu, S.; Jay, A.;
LeBlanc, E.S.; et al. Prospective analysis of association between statins and pancreatic cancer risk in the
Women’s Health Initiative. Cancer Causes Control 2016, 27, 415–423. [CrossRef]

129. Zhou, Y.Y.; Zhu, G.Q.; Wang, Y.; Zheng, J.N.; Ruan, L.Y.; Cheng, Z.; Hu, B.; Fu, S.W.; Zheng, M.H. Systematic
review with network meta-analysis: Statins and risk of hepatocellular carcinoma. Oncotarget 2016. [CrossRef]

http://dx.doi.org/10.1172/JCI59743
http://www.ncbi.nlm.nih.gov/pubmed/22406536
http://dx.doi.org/10.3390/jcm6030029
http://www.ncbi.nlm.nih.gov/pubmed/28282928
http://dx.doi.org/10.1155/2016/1616781
http://www.ncbi.nlm.nih.gov/pubmed/26881012
http://dx.doi.org/10.1158/0008-5472.CAN-07-5704
http://www.ncbi.nlm.nih.gov/pubmed/18316608
http://dx.doi.org/10.1158/1078-0432.CCR-14-3382
http://www.ncbi.nlm.nih.gov/pubmed/26500238
http://dx.doi.org/10.1158/1535-7163.MCT-16-0899
http://www.ncbi.nlm.nih.gov/pubmed/28611107
http://dx.doi.org/10.3390/ijms20030676
http://www.ncbi.nlm.nih.gov/pubmed/30764482
http://dx.doi.org/10.2337/dc12-1835
http://www.ncbi.nlm.nih.gov/pubmed/23514733
http://dx.doi.org/10.1016/S1043-2760(00)00272-1
http://dx.doi.org/10.1200/JCO.2012.44.7516
http://dx.doi.org/10.1097/MPA.0b013e318279b87f
http://www.ncbi.nlm.nih.gov/pubmed/23429495
http://dx.doi.org/10.1002/14651858
http://dx.doi.org/10.1016/j.ctrv.2018.06.010
http://www.ncbi.nlm.nih.gov/pubmed/29936313
http://dx.doi.org/10.1002/ijc.30526
http://www.ncbi.nlm.nih.gov/pubmed/27859151
http://dx.doi.org/10.1111/j.1572-0241.2008.02051.x
http://www.ncbi.nlm.nih.gov/pubmed/18684187
http://dx.doi.org/10.1007/s10552-010-9628-0
http://www.ncbi.nlm.nih.gov/pubmed/20697797
http://dx.doi.org/10.1158/0008-5472.CAN-10-2953
http://dx.doi.org/10.1007/s10552-016-0717-6
http://dx.doi.org/10.18632/oncotarget.7832


Cells 2019, 8, 673 15 of 16

130. Vallianou, N.G.; Kostantinou, A.; Kougias, M.; Kazazis, C. Statins and cancer. Anticancer Agents Med. Chem.
2014, 14, 706–712. [CrossRef]

131. Gronich, N.; Rennert, G. Beyond aspirin-cancer prevention with statins, metformin and bisphosphonates.
Nat. Rev. Clin. Oncol. 2013, 10, 625–642. [CrossRef] [PubMed]

132. Chen, M.J.; Tsan, Y.T.; Liou, J.M.; Lee, Y.C.; Wu, M.S.; Chiu, H.M.; Wang, H.P.; Chen, P.C. Statins and the
risk of pancreatic cancer in Type 2 diabetic patients–A population-based cohort study. Int. J. Cancer 2016,
138, 594–603. [CrossRef] [PubMed]

133. Walker, E.J.; Ko, A.H.; Holly, E.A.; Bracci, P.M. Statin use and risk of pancreatic cancer: Results from a large,
clinic-based case-control study. Cancer 2015, 121, 1287–1294. [CrossRef] [PubMed]

134. Carey, F.J.; Little, M.W.; Pugh, T.F.; Ndokera, R.; Ing, H.; Clark, A.; Dennison, A.; Metcalfe, M.S.; Robinson, R.J.;
Hart, A.R. The differential effects of statins on the risk of developing pancreatic cancer: A case-control study
in two centres in the United Kingdom. Dig. Dis. Sci. 2013, 58, 3308–3312. [CrossRef] [PubMed]

135. Archibugi, L.; Piciucchi, M.; Stigliano, S.; Valente, R.; Zerboni, G.; Barucca, V.; Milella, M.; Maisonneuve, P.;
Delle Fave, G.; Capurso, G. Exclusive and Combined Use of Statins and Aspirin and the Risk of Pancreatic
Cancer: A Case-Control Study. Sci. Rep. 2017, 7, 13024. [CrossRef]

136. Zhang, Y.; Liang, M.; Sun, C.; Qu, G.; Shi, T.; Min, M.; Wu, Y.; Sun, Y. Statin Use and Risk of Pancreatic Cancer:
An Updated Meta-analysis of 26 Studies. Pancreas 2019, 48, 142–150. [CrossRef]

137. Bang, U.C.; Watanabe, T.; Bendtsen, F. The relationship between the use of statins and mortality, severity, and
pancreatic cancer in Danish patients with chronic pancreatitis. Eur. J. Gastroenterol Hepatol. 2018, 30, 346–351.
[CrossRef]

138. Jeon, C.Y.; Pandol, S.J.; Wu, B.; Cook-Wiens, G.; Gottlieb, R.A.; Merz, C.N.; Goodman, M.T. The association
of statin use after cancer diagnosis with survival in pancreatic cancer patients: A SEER-medicare analysis.
PLoS ONE 2015, 10, e0121783. [CrossRef]

139. Wu, B.U.; Chang, J.; Jeon, C.Y.; Pandol, S.J.; Huang, B.; Ngor, E.W.; Difronzo, A.L.; Cooper, R.M. Impact of
statin use on survival in patients undergoing resection for early-stage pancreatic cancer. Am. J. Gastroenterol
2015, 110, 1233–1239. [CrossRef]

140. Lee, H.S.; Lee, S.H.; Lee, H.J.; Chung, M.J.; Park, J.Y.; Park, S.W.; Song, S.Y.; Bang, S. Statin Use and Its Impact
on Survival in Pancreatic Cancer Patients. Med. (Baltim.) 2016, 95, e3607. [CrossRef]

141. Jain, M.K.; Ridker, P.M. Anti-inflammatory effects of statins: Clinical evidence and basic mechanisms.
Nat. Rev. Drug Discov. 2005, 4, 977–987. [CrossRef] [PubMed]

142. Krysiak, R.; Zmuda, W.; Okopien, B. The effect of simvastatin-ezetimibe combination therapy on adipose
tissue hormones and systemic inflammation in patients with isolated hypercholesterolemia. Cardiovasc 2014,
32, 40–46. [CrossRef] [PubMed]

143. Busnelli, M.; Manzini, S.; Froio, A.; Vargiolu, A.; Cerrito, M.G.; Smolenski, R.T.; Giunti, M.; Cinti, A.;
Zannoni, A.; Leone, B.E.; et al. Diet induced mild hypercholesterolemia in pigs: Local and systemic
inflammation, effects on vascular injury - rescue by high-dose statin treatment. PLoS ONE 2013, 8, e80588.
[CrossRef] [PubMed]

144. Calisto, K.L.; Carvalho Bde, M.; Ropelle, E.R.; Mittestainer, F.C.; Camacho, A.C.; Guadagnini, D.;
Carvalheira, J.B.; Saad, M.J. Atorvastatin improves survival in septic rats: Effect on tissue inflammatory
pathway and on insulin signaling. PLoS ONE 2010, 5, e14232. [CrossRef] [PubMed]

145. Khan, T.; Hamilton, M.P.; Mundy, D.I.; Chua, S.C.; Scherer, P.E. Impact of simvastatin on adipose tissue:
Pleiotropic effects in vivo. Endocrinology 2009, 150, 5262–5272. [CrossRef] [PubMed]

146. Blanco-Colio, L.M.; Martin-Ventura, J.L.; de Teresa, E.; Farsang, C.; Gaw, A.; Gensini, G.; Leiter, L.A.;
Langer, A.; Martineau, P.; Egido, J.; et al. Elevated ICAM-1 and MCP-1 plasma levels in subjects at high
cardiovascular risk are diminished by atorvastatin treatment. Atorvastatin on Inflammatory Markers study:
A substudy of Achieve Cholesterol Targets Fast with Atorvastatin Stratified Titration. Am. Heart J. 2007,
153, 881–888. [CrossRef]

147. Abe, M.; Matsuda, M.; Kobayashi, H.; Miyata, Y.; Nakayama, Y.; Komuro, R.; Fukuhara, A.; Shimomura, I.
Effects of statins on adipose tissue inflammation: Their inhibitory effect on MyD88-independent
IRF3/IFN-beta pathway in macrophages. Arter. Thromb Vasc Biol 2008, 28, 871–877. [CrossRef]

http://dx.doi.org/10.2174/1871520613666131129105035
http://dx.doi.org/10.1038/nrclinonc.2013.169
http://www.ncbi.nlm.nih.gov/pubmed/24080598
http://dx.doi.org/10.1002/ijc.29813
http://www.ncbi.nlm.nih.gov/pubmed/26296262
http://dx.doi.org/10.1002/cncr.29256
http://www.ncbi.nlm.nih.gov/pubmed/25649483
http://dx.doi.org/10.1007/s10620-013-2778-7
http://www.ncbi.nlm.nih.gov/pubmed/23864194
http://dx.doi.org/10.1038/s41598-017-13430-z
http://dx.doi.org/10.1097/MPA.0000000000001226
http://dx.doi.org/10.1097/MEG.0000000000001060
http://dx.doi.org/10.1371/journal.pone.0121783
http://dx.doi.org/10.1038/ajg.2015.217
http://dx.doi.org/10.1097/MD.0000000000003607
http://dx.doi.org/10.1038/nrd1901
http://www.ncbi.nlm.nih.gov/pubmed/16341063
http://dx.doi.org/10.1111/1755-5922.12057
http://www.ncbi.nlm.nih.gov/pubmed/24354929
http://dx.doi.org/10.1371/journal.pone.0080588
http://www.ncbi.nlm.nih.gov/pubmed/24260430
http://dx.doi.org/10.1371/journal.pone.0014232
http://www.ncbi.nlm.nih.gov/pubmed/21151908
http://dx.doi.org/10.1210/en.2009-0603
http://www.ncbi.nlm.nih.gov/pubmed/19819942
http://dx.doi.org/10.1016/j.ahj.2007.02.029
http://dx.doi.org/10.1161/ATVBAHA.107.160663


Cells 2019, 8, 673 16 of 16

148. Hao, F.; Xu, Q.; Wang, J.; Yu, S.; Chang, H.H.; Sinnett-Smith, J.; Eibl, G.; Rozengurt, E. Lipophilic statins inhibit
YAP nuclear localization, co-activator activity and colony formation in pancreatic cancer cells and prevent
the initial stages of pancreatic ductal adenocarcinoma in KrasG12D mice. PLoS ONE 2019, 14, e0216603.
[CrossRef]

149. McWhorter, F.Y.; Wang, T.; Nguyen, P.; Chung, T.; Liu, W.F. Modulation of macrophage phenotype by cell
shape. Proc. Natl. Acad. Sci. USA 2013, 110, 17253–17258. [CrossRef]

150. Rozengurt, E.; Eibl, G. Central role of Yes-associated protein and WW-domain-containing transcriptional
co-activator with PDZ-binding motif in pancreatic cancer development. World J. Gastroenterol 2019,
25, 1797–1816. [CrossRef]

151. Eibl, G.; Rozengurt, E. KRAS, YAP, and obesity in pancreatic cancer: A signaling network with multiple
loops. Semin Cancer Biol. 2019, 54, 50–62. [CrossRef] [PubMed]

152. Rozengurt, E.; Sinnett-Smith, J.; Eibl, G. Yes-associated protein (YAP) in pancreatic cancer: At the epicenter of
a targetable signaling network associated with patient survival. Signal Transduct Target 2018, 3, 11. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0216603
http://dx.doi.org/10.1073/pnas.1308887110
http://dx.doi.org/10.3748/wjg.v25.i15.1797
http://dx.doi.org/10.1016/j.semcancer.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/29079305
http://dx.doi.org/10.1038/s41392-017-0005-2
http://www.ncbi.nlm.nih.gov/pubmed/29682330
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Obesity and Pancreatic Ductal Adenocarcinoma 
	The Role of Adipose Tissue Inflammation in Obesity-Promoted Tumor Development 
	Classification and Physiological Roles of AT 
	Obesity-Associated AT Inflammation 
	AT Inflammation in PDAC Development: The Molecular Links 
	Leptin, Adiponectin, and Other Adipokines 
	Pro-Inflammatory Cytokines and Chemokines 
	Microbiota and Obesity-Promoted PDAC 
	Other Factors Associated with AT Dysfunction in Obesity 


	Interventional Perspectives 
	Conclusions 
	References

