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Abstract. Pancreatic cancer remains among the most lethal
cancers, despite ongoing advances in treatment for all stages
of the disease. Disease prevention represents another oppor-
tunity to improve patient outcome, with metabolic syndrome
and its components, such as diabetes, obesity and dyslipid-
emia, having been recognized as modifiable risk factors for
pancreatic cancer. In addition, statins have been shown to
potentially reduce pancreatic cancer risk and to improve
survival in patients with a combination of metabolic syndrome
and pancreatic cancer. Furthermore, preclinical studies have
demonstrated that statins exhibit antitumor effects in pancre-
atic cancer cell lines in vitro and animal models in vivo, in
addition to delaying the progression of pancreatic intraepithe-
lial neoplasia to pancreatic ductal adenocarcinoma (PDAC)
and inhibiting PDAC formation in conditional K-Ras mutant
mice. The mechanisms by which statins produce anticancer
effects remain poorly understood, although appear to involve
inhibition of the mevalonate/cholesterol synthesis pathway,
thus blocking the synthesis of intermediates important for
prenylation and activation of the Ras/mitogen-activated
protein kinase 1 signaling pathway. Furthermore, statins have
been identified to modulate the phosphoinositide 3-kinase/Akt
serine/threonine kinase 1 and inflammation signaling path-
ways, and to alter the expression of genes involved in lipid
metabolism, which are important for PDAC growth and prolif-
eration. In addition, statins have been demonstrated to exhibit
further antitumor mechanisms in a number of other cancer
types, which are beyond the scope of the present review. In
the present review, current evidence highlighting the potential
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of statins as chemopreventive agents in pancreatic cancer is
presented, and the antitumor mechanisms of statins elucidated
thus far in this disease are discussed.
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1. Introduction

Pancreatic cancer is relatively rare, with an incidence of
~12 cases per 100,000 people in the USA and 2-8 cases per
100,000 people worldwide (1,2). However, pancreatic cancer
is the fourth-leading cause of cancer mortalities in men
and women in the USA, and the eighth- and ninth- leading
cause of cancer mortalities in men and women worldwide,
respectively (2,3). Pancreatic ductal adenocarcinoma (PDAC)
accounts for 85% of all pancreatic cancer cases (4). The disease
tends to occur in the elderly and present at an advanced stage,
with a median age at diagnosis of 71 years old, and <20% of
cases presenting with localized and resectable tumors (4,5).
Advances in treatment, specifically multi-agent chemotherapy,
have improved survival rates, which were previously poor in
those with advanced and metastatic pancreatic cancer (4). In
addition, adjuvant therapy has been shown to confer a survival
advantage compared with postoperative observation alone
in resected pancreatic cancer (4-6). However, despite these
advances, pancreatic cancer remains among the most lethal
cancers, with a 5-year survival rate of 6-7% across all stages (1).

In an effort to improve outcomes via disease prevention, a
growing body of research has focused on the environmental
risk factors for pancreatic cancer (7-9). The association
between pancreatic cancer and modifiable risk factors with
moderate/strong evidence of association, including tobacco
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use, alcoholism and dietary intake, has been extensively
reviewed (8,9). It has been estimated that ~2/3 of the major
risk factors for pancreatic cancer are potentially modifi-
able (9). Furthermore, there is evidence to suggest that 1/3 of
the burden of pancreatic cancer may be prevented through
the application of this knowledge (9). Evidence for the
chemopreventive effects of medications typically used to treat
non-cancer-related and chronic conditions is increasing (10).
In particular, the potential application of statins as a chemo-
preventive agent for pancreatic cancer is an area of increasing
interest and is evaluated in the present review.

2. Metabolic syndrome and pancreatic cancer risk

The presence of metabolic syndrome, defined in one
meta-analysis as the co-occurrence of =3 medical conditions,
including diabetes, hypertension, hyperlipidemia, and a body
mass index (BMI) 225 kg/m?, has been shown to be associated
with a relative risk (RR) for pancreatic cancer of 1.55 [95%
confidence interval (CI), 1.19-2.01], with a greater risk for
those patients with more components of the syndrome (11).
In addition, meta-analyses have shown a stronger asso-
ciation between pancreatic cancer and metabolic syndrome
in women (11-13). Furthermore, individual components of
metabolic syndrome have been identified as modifiable risk
factors for pancreatic cancer. For example, diabetes as a risk
factor for the development of pancreatic cancer, leading to the
assessment of metformin as a potential chemopreventive agent
for this cancer (14).

Several pooled analyses and meta-analyses have demon-
strated that obesity is a risk factor for pancreatic cancer, with a
RR of <1.47 (95% CI, 1.23-1.75) in those with a BMI >30 kg/m?,
and which is often independent of other risk factors, such as
age, gender, diabetes and smoking status (8,9,15-21). The RR
for pancreatic cancer following an increase of 5 units in BMI,
10 cm in waist circumference and 0.1 unit in waist-to-hip
ratio has been shown to be 1.10 (95% CI, 1.07-1.14), 1.11 (95%
CI, 1.05-1.18) and 1.19 (95% CI, 1.09-1.31), respectively (20).
Compared with individuals who were not overweight (BMI
<25 kg/m?) or obese (BMI <30 kg/m?) in early adulthood
(defined as age 18 or 21 years), the risk for pancreatic cancer
was higher in those who were overweight or obese in early
adulthood (RR, 1.54; 95% CI, 1.24-1.93) (19). Furthermore,
pancreatic cancer risk was greater (RR, 1.40; 95% CI,
1.13-1.72) in those who gained =10 kg/m? in BMI at base-
line and early adulthood compared with those whose BMI
remained stable (19). However, BMI does not appear to be
associated with risk of mortality from pancreatic cancer in
the Asian population, following adjustment for risk factors,
including age, smoking status and diabetes (22).

Fatty infiltration of the pancreas, which is determined
histopathologically, appears to be a risk factor for pancreatic
intraepithelial neoplasias (PanINs) and PDAC, with BMI being
the most significantly associated factor with pancreatic fatty
infiltration (23,24). Notably, circulating levels of adiponectin,
an adipocyte-secreted hormone with insulin sensitizing and
anti-inflammatory properties, has been revealed to be inversely
correlated with pancreatic cancer risk, independent of other
risk factors (25). Notably, meta-analyses of other anthropo-
metric measures such as physical activity have primarily

GONG et al: STATINS AND PANCREATIC CANCER

produced non-significant findings in relation to protective
effects against pancreatic cancer (26-28). Consistent physical
activity over time was demonstrated to have a greater associa-
tion with pancreatic cancer risk reduction (RR, 0.86; 95% ClI,
0.76-0.97) compared with recent (RR, 0.95; 95% CI,0.90-1.01)
and distant (RR, 0.95; 95% CI, 0.79-1.15) past physical activity
alone (28).

Abnormal lipid metabolism, which can cause high levels of
total cholesterol and triglycerides, or low levels of high-density
lipoprotein and apolipoprotein A-I, has been identified to be
associated with an increased risk of obesity-related cancers,
including pancreatic cancer, in a meta-analysis (29). A sepa-
rate pooled analysis and meta-analysis demonstrated that total
serum cholesterol is inversely correlated with pancreatic cancer
risk in men (30) and the European population (31). In addition,
meta-analyses have shown that a high dietary intake of choles-
terol is significantly associated with risk for pancreatic cancer,
particularly in the American and European populations, with
RRs <1.371 (95% CI, 1.155-1.627), following adjustment for
confounding factors (31,32). Furthermore, pancreatic cancer
risk rises by 8% with an increased intake in cholesterol
of 100 mg/day (RR, 1.08; 95% CI, 1.04-1.13), in what was
determined to a linear dose-response association (32). Total
dietary fat consumption was reported to be independently
associated with pancreatic cancer risk according to one
meta-analysis (33), although this has been refuted (8). Results
regarding the association between omega-3 polyunsaturated
fatty acid consumption and pancreatic cancer risk/survival are
mixed (34,35).

3. Statins and pancreatic cancer

Epidemiologic evidence for the association between statins
and pancreatic cancer risk remains controversial. Several
epidemiologic studies, including two meta-analyses, have
suggested that statin use, regardless of dose, duration or type
(lipophilic, such as atorvastatin, lovastatin and simvastatin, or
hydrophilic, such as pravastatin, rosuvastatin and fluvastatin),
does not significantly affect pancreatic cancer risk (36-40).
However, significant heterogeneity was detected among the
included studies (36,40). Conversely, a dose-response associa-
tion was identified between statin use and pancreatic cancer
risk with an 80% reduced pancreatic cancer risk [odds ratio
(OR), 0.20; 95% CI, 0.13-0.29] in those with >4 years statin
use, irrespective of age, gender, ethnicity, BMI, diabetes,
smoking status or alcohol use (41). Furthermore, in a matched
case-control study, male smokers who were regular statin users
had a significantly reduced OR for pancreatic cancer (42). In
a large case-control study (1,405 participants), statin use in
men (OR, 0.50; 95% CI, 0.32-0.79) and a duration of statin use
of >10 years (OR, 0.51; 95% CI, 0.31-0.85) were significantly
associated with a reduced risk of pancreatic cancer (43).
Notably, preoperative use of statins has been demonstrated
to be a predictor of increased early postoperative mortality
in patients with resected pancreatic cancer (44). However,
one study reported that statins improved the survival [hazard
ratio (HR), 0.40; P=0.010] of patients with diabetes who were
undergoing chemotherapy for advanced pancreatic cancer (45).
Furthermore, patients with metabolic syndrome and pancre-
atic cancer on hydrophilic statins exhibited increased survival
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(HR, 0.67; 95% CI, 0.46-0.96) compared with those not on
statins (46).

4. Mechanisms of action and evidence of antitumor effects
of statins in pancreatic cancer

Early evidence demonstrated that lovastatin and simvas-
tatin, inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme
A (HMG-CoA) reductase, the rate-limiting enzyme in the
mevalonate/cholesterol synthesis pathway, inhibited tumor
growth in a number of human and rodent pancreatic cancer cell
lines in vitro and tumor xenografts in mice in vivo, through cell
cycle arrest in G1 and inhibition of DNA synthesis, and that
this process was reversed by adding mevalonic acid (47-49).
In addition, lovastatin was noticed to induce G1 and G2/M
cell cycle arrest, thus inhibiting tumor growth in vitro in a
dose-dependent manner, which was possibly independent
of K-Ras mutational status, and to significantly decrease
post-translational phosphorylation of the Ras protein in K-Ras
mutant human pancreatic cancer cells (50). Furthermore,
the results of another study indicated that statins exerted
direct cytotoxic effects in human pancreatic cancer cells via
pro-apoptotic activity (51).

Fluvastatin was identified to inhibit epidermal growth
factor (EGF)-induced invasion of human pancreatic cancer
cells in vitro, and to reduce metastatic tumor formation and
growth in vivo at the dose recommended for the treatment
of hypercholesterolemia in humans (52,53). Specifically,
fluvastatin prevents geranylgeranylation of RhoA, a member
of the Rho subfamily of small guanosine triphosphatases that
are involved in cell motility, structure and invasion (52,53).
Geranylgeranylation is a form of post-translational modifica-
tion known as prenylation, by which isoprene units from
an isoprenoid intermediate of the mevalonate/cholesterol
synthesis pathway such as geranylgeranyl pyrophosphate are
attached to target proteins (52,53). Inhibition of geranylgera-
nylation of RhoA inhibits EGF-induced translocation of RhoA
from the cytoplasm to the plasma membrane and its subsequent
activation (52,53). In a separate study, fluvastatin was shown to
inhibit farnesylation [the attachment of a lipophilic farnesyl
group from farnesyl pyrophosphate (FPP) to a cysteine residue
at the C-terminus of a target protein] of Ras in a dose-dependent
manner, a process critical for the membrane translocation and
subsequent activation of Ras, which is involved in cell growth,
proliferation and survival (Fig. 1) (54). In addition, fluvastatin
reduces phosphorylation and activation of mitogen-activated
protein kinase 1 (MAPKI)/extracellular signal-regulated
kinase 2 (ERK2), a downstream effector of Ras, and syner-
gizes with gemcitabine to significantly inhibit tumor growth
in vitro and in vivo through increasing the expression of an
enzyme required for the activation of gemcitabine (54).

The importance of isoprenoid synthesis and prenylation in
pancreatic cancer growth was reinforced when lovastatin in
combination with pamidronate, an inhibitor of FPP synthase,
was demonstrated to inhibit farnesylation and geranylgera-
nylation, and to exhibit synergistic antitumor effects in vitro
and in vivo (55). Furthermore, statins were shown to improve
survival and reduce tumor burden in animal models of
pancreatic cancer compared with controls at doses below
the maximum recommended dose for humans (56). Tumor
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tissues from K-Ras mutant mice treated with atorvastatin
displayed significantly decreased levels of membrane-bound
K-Ras and phosphorylated Raf (56). In addition, an analysis of
pancreatic cancer cell lines treated with atorvastatin in vitro
demonstrated a dose-dependent reduction in the activation
of downstream effectors of Ras, including Raf, ERK1/2, Jun
and p90 ribosomal s6 kinase, and an inhibition of targets of
prenylation that are important for protein-protein interactions
and carcinogenesis, such as human DnaJ homolog and nuclear
prelamin A (56). Of note, in vitro gene array analysis revealed
that atorvastatin modulated the expression of 132 genes,
including those involved in inflammation, such as cytochrome
P450 family 51 subfamily A member 1, soluble epoxide hydro-
lase and vascular adhesion molecule 1 (Fig. 1) (56).

Simvastatin and atorvastatin have been shown to signifi-
cantly delay the progression of PanIN lesions to PDAC and
to inhibit PDAC growth in conditional K-Ras mutant
mice (57,58). In one study, treatment with atorvastatin resulted
in significantly downregulated expression of components of
the Ras/MAPK, phosphoinositide 3-kinase (PI3K)/Akt and
nuclear factor-kB (NF-«B) signaling pathways, including Akt,
phosphorylated (p) Akt, purinergic receptor P2X7, RhoA,
PERK, cyclin dependent kinase 2, cyclin DI, B-catenin, cyclin
E, survivin, caveolin-1, granulocyte-macrophage colony-stim-
ulating factor, cyclooxygenase-2 (COX-2), and interleukin
(IL)-2, -6 and -12 in vivo (Fig. 1) (58). The ability of atorvas-
tatin to inhibit PI3K/Akt, Rass/MAPK and NF-«B signaling
may be dependent on the underexpression of P2X7, at least in
human pancreatic cancer cells in vitro (59). Combined inhibi-
tion of HMG-CoA reductase, COX-2 and farnesyl transferase
in human pancreatic cancer cell lines in vitro was observed
to inhibit tumor growth and to produce a stronger decrease
in pAkt and pERK1/2 levels compared with each agent
alone (60). A summary of the antitumor mechanisms of statins
in pancreatic cancer from existing evidence is shown in Fig. 1.

The association between statins, lipid metabolism
and PDAC development continues to grow in complexity.
A previous study identified a potential role for simvas-
tatin-induced accumulation of cytosolic lipid droplets and
upregulation of genes involved in lipid metabolism [such as
ATP-binding cassette (ABC) A7] and triacylglycerole and
phospholipid synthesis (such as 1-acylglycerol-3-phosphate
O-acyltransferase 2) in the apoptosis of pancreatic cancer cells
in vitro (61). Oxysterol binding protein-like 5 (ORPS5) has been
associated with increased pancreatic cancer invasion, stimula-
tion of cholesterol synthesis via expression of sterol response
element binding protein 2 (SREBP2) and regulation of the
effects of statins in human PDAC cells in vitro (62). High
doses of statins were required for growth inhibition in cancer
cells strongly expressing ORPS, while only low doses were
required in cells with moderate expression (62). In addition, a
growing body of research has identified that targeting media-
tors of mevalonate/cholesterol synthesis and lipid metabolism
other than HMG-CoA reductase with statins or alternative
inhibitors modulates chemotherapy and radiation resistance
in pancreatic cancer, and suppresses pancreatic cancer growth
and metastasis (63-67).

A recent preclinical study highlighted that the majority
of activated pro-tumorigenic metabolic pathways in K-Ras
mutant mouse models of PDAC were involved in lipid
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Figure 1. Mechanism of action of statins in pancreatic cancer. Statins decrease the expression of inflammatory cytokines and modulate the expression of a
number of genes involved in angiogenesis and inflammation, which may protect against carcinogenesis. In addition, statins inhibit protein prenylation. This
prevents the proper functioning of guanosine triphosphatase proteins such as Ras and Rho, thus inhibiting downstream pathways that are involved in cell
growth, proliferation, survival, motility and invasion, which leads to cell cycle arrest in G1. Furthermore, statins impair cancer cell proliferation by inhibiting
the synthesis of cholesterol, which is essential for new membrane formation in rapidly proliferating cells. IL, interleukin; GM-CSF, granulocyte macrophage
colony-stimulating factor; VEGF, vascular endothelial growth factor; VCAMI, vascular cell adhesion molecule 1; SEH, soluble epoxide hydrolase; CYP51A1,
cytochrome P450 family 51 subfamily A member 1; Acetyl-CoA, acetyl-coenzyme A; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; FPP, farnesyl

pyrophosphate; GPP, geranyl pyrophosphate.

metabolism compared with control mice (68). In particular,
the expression of low-density lipoprotein receptor (LDLR),
apolipoprotein (Apo) B, ApoE, ABCA1, SREBP2, HMG-CoA
reductase, cholesterol acyltransferase 1, lipase A, and other
transcripts involved in the synthesis/uptake of cholesterol and
its derivatives (including oxysterols and steroid hormones)
was significantly increased in PDAC compared with control
pancreas in mouse models in vivo, illustrating the high depen-
dence of pancreatic cancer cells on cholesterol (68). In addition,
an increase in total cholesterol, cholesterol ester (CE) and free
cholesterol (FC) content was observed in pancreatic tumors
compared with healthy pancreas (68). Knockdown of LDLR
expression in vitro via short hairpin RNA was demonstrated
to inhibit cell proliferation, enhance the cytotoxic effects
of chemotherapy and redistribute total cholesterol content
(reduce CE and increase FC) in PDAC, without compensa-
tory overactivation of cholesterol synthesis (68). Furthermore,
enhanced LDLR expression appears to be an indicator of poor
prognosis in human PDAC, regardless of cancer stage (68).
The existence of differential effects between hydrophobic
statins such as simvastatin and hydrophilic statins such as
pravastatin have been proposed, as simvastatin appears to
produce greater antitumor effects compared with pravastatin
in several cancer cell lines (excluding pancreatic) in vitro (69).
However, another study demonstrated that, although simv-
astatin produced the greatest antitumor effects in vitro,

rosuvastatin, cerivastatin and fluvastatin had the most potent
antitumor effects in animal models of PDAC at the recom-
mended human doses, with all statins (hydrophobic and
hydrophilic) except pravastatin exerting inhibitory effects on
intracellular Ras translocation (70). Conversely, a phase 11 trial
involving 114 patients with locally advanced and metastatic
pancreatic cancer revealed that patients who received 3 weeks
of gemcitabine (1,000 mg/m? on days 1, 8 and 15) and simvas-
tatin (40 mg once daily) had no clinical benefit compared with
patients treated with gemcitabine alone, although there was no
increase in toxicity from the combined treatment (71).

5. Conclusions

Although statins in combination with chemotherapy have failed
to demonstrate improved antitumor efficacy based on recent
clinical evidence, the data are limited to just a few clinical
trials in patients with advanced and metastatic PDAC (71). The
attractiveness of statins as a component of chemotherapeutic
regimens for pancreatic cancer lies in their relatively safe
and well-tolerated toxicity profile and low cost (10). For this
reason, further clinical trials are warranted to better define the
potential of statins as an adjunct to standard chemotherapy
for the treatment of pancreatic cancer. Aside from treatment,
disease prevention represents another opportunity to improve
patient outcomes in pancreatic cancer. Metabolic syndrome
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and its components, including diabetes, obesity and dyslip-
idemia, have been recognized as modifiable risk factors for
pancreatic cancer (72,73). Evidence discussed in the present
review has demonstrated that statins potentially reduce
pancreatic cancer risk and improve survival in patients with
a combination of metabolic syndrome and pancreatic cancer.
Furthermore, preclinical studies suggest that statins exhibit
antitumor effects in pancreatic cancer cell lines in vitro and in
animal models in vivo, in addition to delaying the progression
of PanIN lesions to PDAC and inhibiting PDAC formation in
conditional K-Ras mice models. However, the mechanisms by
which statins elicit these effects remain poorly understood,
although recent evidence postulates that statins inhibit the
mevalonate/cholesterol synthesis pathway, thus blocking the
formation of intermediates that are critical for prenylation and
activation of Ras/MAPK, PI3K/Akt and associated signaling
pathways (10). In addition, statins appear to modulate lipid
metabolism and inflammation signaling pathways, which are
important for pancreatic cancer growth and progression (73).
In conclusion, it is evident that further studies are required to
elucidate the mechanisms underlying the anticancer effects of
statins in PDAC. Nevertheless, increasing evidence supports
the potential application of statins as a chemopreventive agent
in pancreatic cancer.
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