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Abstract

Pancreatic cancer is fourth leading cause of cancer-related deaths in the United States of America.
In spite of recent advances in the current therapeutic modalities such as surgery, radiation and
chemotherapy patients, the average five year survival rate remains still less than 5%. Recently,
compounds from natural sources receive ample of attention as anti-cancer agents. Many
epidemiological studies published over the past few decades provide a strong correlation between
consumption of vegetables, fruits or plant derived products and reduced incidence of cancer. The
present review focuses on the potential antitumor effects of various natural products.
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1. Introduction

Pancreatic cancer is the fourth leading cause of cancer related deaths in the United States of
America. The average five-year survival rate for pancreatic cancer is less than 5%. Many
genetic and environmental risk factors have been associated with pancreatic cancer.
Recently, Jones et al. identified 63 core genetic alterations in 12 common pathways of
pancreatic tumors [1]. Environmental risk factors include smoking, obesity, diet, alcohol,
etc. Pancreatic cancer carcinogenesis is a multi-step process during which oncogenes such as
K-ras, RTKs, PI3K/AKT, EGFR and STATS3 are activated and tumor suppressor genes such
as p1l6INK4/Rb, p53 and SMAD4 are deactivated. MicroRNAs (miRNAS) have received
ample recent attention as tumor initiators. Ninety five miRNAs were evaluated in pancreatic
cancer, eight of which are up-regulated anywhere from 3-2018 fold in pancreatic tumors as
compared to normal pancreas [2]. In fact, some of the miRNAS served as potential
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biomarkers for early detection of pancreatic cancer. For example miR-216 and miR217 are
absent or minimally expressed in pancreatic tumors [3].

Pancreatic cancer takes around 10 years from the initial phase to form a tumor and then
another five years to transform into metastatic tumor, with patients dying within two years
thereafter [4]. Generally, pancreatic cancer is diagnosed at a late stage and responds poorly
to current therapeutic modalities, such as chemo- and radiation therapy. Detection of
pancreatic cancer at earlier stages would provide greater opportunity to successfully treat
this deadly malignancy. Therefore, identification of predictive biomarkers for detecting
early stage pancreatic cancer would be a worthwhile task.

Present therapeutic modalities have provided a modest survival advantage over the past few
decades. The clinical management of pancreatic cancer depends on the advancement of the
disease and the stage at which it is diagnosed. Surgical resection following adjuvant therapy
is the standard course of treatment. However, the majority of patients with pancreatic cancer
is diagnosed in the later stages and is precluded from surgery, leaving chemotherapy as the
only option. Only about 10-15% of patients with advanced pancreatic cancer are eligible for
surgical resection of the tumor because of spatial location of pancreas, and 70-80% of
resected tumors eventually relapse following surgery. Gemcitabine and 5-flourouracil (5-
FU) with or without radiation are the standard chemotherapy options for patients who
present with advanced disease. Gemcitabine relieves the majority of pancreatic cancer
symptoms as well as having a modest survival advantage over 5-FU [5]. However,
gemcitabine and other cytotoxic drugs rarely extend median survival much beyond six
months as compared to untreated patients.

In recent years, minimal progress has been made in the systemic treatment of metastatic
pancreatic cancer. The limited success of current standard therapies underscores the urgent
need to identify new treatment strategies and agents. Many epidemiological studies
published over the past few decades provide a strong correlation between consumption of
vegetables, fruits or plant-derived products and deceased cancer incidence. The advantages
of bioactive dietary agents, or nutraceuticals, are increased cost effectiveness and reduced
toxicity. A comprehensive analysis of 200 published articles provides a strong correlation
between vegetable and fruit consumption and reduced incidence of pancreatic cancer [6].
The present review focuses on the potential antitumor effects of various natural products.

1.1 Curcumin

Curcumin is a natural compound isolated from the rhizome of Curcuma Longa, commonly
called turmeric. Curcumin is commonly used in Indian cuisine as a food spice and coloring
agent. It has been used as an anti-inflammatory and anti-oxidant agent in the Indian System
of Medicine (Ayurveda) [7; 8]. Numerous pre-clinical studies have shown that curcumin has
potential to suppress the growth of various malignancies, including pancreatic cancer.
Curcumin is largely known to target a plethora of signaling pathways in pancreatic cancer
such as NFKB [9; 10], SP1 [9], STAT3 [11], Notch-1 [12], COX-11 [13], ATM/Chk1 [14],
WT1 [15], etc., to suppress tumor growth. Chemical structure of curcumin is presented in
Fig. 1.
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Many studies have addressed NFkB as a prime target of curcumin in various cancer models.
Li et al. demonstrated that NFkB and IKK are constitutively active in pancreatic cancer cell
lines and inhibition of these molecules by curcumin was associated with growth suppressive
activity. Interestingly, NFkB downstream effectors such as COX-2, PGE2and IL-8 were also
down-regulated by curcumin treatment. These effector molecules are known to be closely
associated with growth and invasiveness of pancreatic cancer [10]. Hidaka et al. showed that
curcumin inhibits I1L-8 production at a concentration of 10-100 uM through the suppression
of NFkB activation, leading to reduced pancreatic cancer growth. However, exogenous
addition of recombinant IL-8 did not protect the cells from curcumin-induced death. The
authors explained that curcumin treatment enhanced the IL-8 receptors CXCR1 & CXCR2
on the cell surface; however, exogenous addition of IL-8 had no effect on IL-8 receptors.
These observations suggest that curcumin inhibits the growth of the pancreatic cancer cells
by inhibiting NFKB and IL-8 receptor internalization [16].

Our group has shown that single treatment of BXPC-3 cells with 2.5 uM curcumin for 24 h
caused significant G2/M cell cycle arrest and apoptosis [14]. The plasma-achievable
concentration of curcumin in humans was estimated to be around 1.8 uM, indicating that the
concentration of curcumin used in our studies can be achieved clinically. The G2/M cell
cycle arrest by curcumin was associated with DNA damage and the activation
(phosphorylation) of ATM and Chk1. Silencing ATM/Chk1 with respective SiIRNA blocked
the activation of ATM and Chk1 and protected the cells from curcumin mediated G2/M cell
cycle arrest and apoptosis in pancreatic cancer cells. Interestingly, normal human pancreatic
epithelial (HPDE-6) cells remained unaffected by curcumin treatment [14]. These studies
indicate that Chk1 is a potential target of curcumin in pancreatic cancer cells.

Recently, Jutooru et al. have shown that curcumin inhibits the growth of PanC28 and L3.6pl
cells in both in vitro and in xenograft models [9]. They demonstrated that curcumin down-
regulates the expression of p50 and p65 along with the down-regulation of Specificity
Proteins (Sp1, Sp3 and Sp4), which are known to be constitutively active in pancreatic
cancer. Both p50 and p65 are Sp-regulated genes, and curcumin-mediated down-regulation
of p50 and p65 depends on the modulation of Sp1, Sp3 and Sp4. Hence, it would be
interesting to evaluate whether NFkB is a direct target of curcumin or merely the
consequence of down-regulation of Sp proteins by curcumin. Furthermore, curcumin
potentiated the gemcitabine anti-tumor and anti-angiogenic activity by inhibition of NFkB
activation in MIA PaCa-2 cells in an orthotopic model [17].

Curcumin and its analogues were shown to be quite effective against STAT3 signaling in
pancreatic cancer [11; 18; 19]. Lin et al. reported that curcumin derivatives FLLL31 and
FLLL32 effectively inhibited STAT3 signaling in pancreatic cancer [18]. These derivatives
specifically targeted Janus Kinase-2 (JAK-2) and STATS3 to inhibit STAT3 dimerization,
thus inhibiting the nuclear localization. Another study by Glienke et al. confirmed the role of
curcumin in inhibiting STAT3 phosporylation and down-regulating Survivin/BIRC5 genes.
Nonetheless, it was not clear whether inhibition of STAT3 led to down-regulation of
Survivin/BIRCS5, or whether these are independent targets for curcumin as Survivin
promoter contains STAT3 binding site [20]. Another derivative of curcumin, GO-Y030, was
found to inhibit STAT3 at much lower doses where curcumin had little or no effect [19].
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Accumulating data confirmed that curcumin has profound effect on epigenetic alterations of
the cells. Generally, these epigenetic modulators include histone deacetylases (HDACSs) and
acetyltransferases (HATSs), DNA methyltranferases (DNMTSs) and MiRNAs. Bora-Tatar et
al. investigated the effects of curcumin on HDACs and found that curcumin is more potent
than valproic acid sodium butyrate, a well known HDAC inhibitors [21]. Furthermore,
curcumin has differential effect on various HDACSs. For example, curcumin down regulated
the expression of HDACs 1, 3 and 8 but up regulated the expression of HDACs 2 and 4 [22;
23]. Similarly, curcumin also inhibited p300/CREB-binding protein (CBP) HAT activity in
vitro and in vivo [24]. The effects of curcumin on DNA methylases are interesting.
Molecular docking studies with curcumin and DNMT1 showed that curcumin could
covalently block the catalytic thiolate of DNMT1to inhibit DNA methylation [25], but
recent study reported that though curcumin inhibits DNMT1 but it has minimal or no
pharmacological significance [26].

Micro-RNAs (MiRNAs) are involved in critical biological processes such as development,
differentiation, apoptosis and proliferation. MiRNAs exert their effects by imperfect binding
with messenger RNA, thus leading to degradation of target mMRNA [27]. Altered expressions
of miRNAs were reported in various cancers, including pancreatic cancer, thereby
functioning as either tumor suppressors or oncogenes [28]. Curcumin and its analogue
Difluorocurcumin (CDF) were found to be modulators of pancreatic cancer MiRNAs.
Recently, Ali et al. observed that loss of let-7 family and MiRNA-143 expression, along
with increased expression of MiRNA-21 in MIA PaCa-2 cells, correlate with Ras GTPase
activity. Treatment of MIA PaCa-2 tumor xenografts in vivo with curcumin analogue CDF
resulted in the increased expression of let-7i and MiRNA-143 and decreased expression of
MiRNA-21, leading to reduced Ras GTPase activity [29]. The same group stated that CDF
decreased cell survival, clonogenicity, formation of pancreatospheres, invasive cell
migration and CSC function of human pancreatic cancer cells by decreasing EZH2 and
increasing the expression of a panel of tumor-suppressive microRNAs, including let-7a, b, c,
d, miR-26a, miR-101, miR-146a and miR-200b, c that are typically lost in pancreatic cancer
[30]. Interestingly, MiRNA-200 expression is decreased whereas MiRNA-21 expression is
up-regulated in gemcitabine-resistant pancreatic cancer cells. Treatment of pancreatic cancer
cells with CDF resulted in increased expression of MiRNA-200 and decreased expression of
MiRNA-21 in gemcitabine-resistant cells [31]. Hence, CDF shows potential for use along
with gemcitabine. Curcumin treatment was reported to up-regulate MiRNA-22 and down-
regulate MiRNA-199a. The curcumin-mediated down-regulation of SP1 transcription factor
was through up-regulation of MiRNA-22 [32].

Clinical trials with curcumin were promising. Phase | clinical trials have shown that
curcumin is relatively safe even at higher doses of 12 g/day in humans. However, curcumin
has limited bioavailability because of poor absorption, rapid metabolism and rapid systemic
elimination [33]. For example, when curcumin at an oral dose of 2 g/kg was given to rats, a
maximum plasma peak level of 1.35 + 0.25 pg/mL was observed, whereas a similar dose in
humans resulted in either undetectable or extremely low serum concentration at 1h [34].
Furthermore, Phase I/11 clinical trials on gemcitabine resistant pancreatic cancer patients
showed that 8 g oral administration of curcumin resulted in 29-419 ng/mL curcumin in
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plasma [35]. To increase the bioavailability of curcumin, various approaches were adopted
and several synthetic analogues of curcumin were synthesized and novel drug delivery
systems were investigated [33]. One such curcumin analogue is difluorinated-curcumin
(CDF), which show better bioavailabilty and 10-fold higher concentrations in pancreas as
compared to curcumin [13].

Dhillon et al. conducted Phase Il clinical trials with curcumin. Twenty-five chemotherapy
patients received 8 g/day curcumin. Results showed that two patients demonstrated clinical
benefit, whereas one patient had stable disease for 18 months. Peripheral mononuclear cells
isolated from the curcumin-treated patients showed reduced activation of NFkB [36].
Another interesting clinical trial on curcumin was performed in gemcitabine-resistant
patients. Gemcitabine along with curcumin showed increased median survival time (MST)
of 161 days and a one year survival rate of 19% in these patients [35]. Clearly, curcumin can
be a potential anticancer therapy; however, further clinical trials are needed to find ways to
increase its bioavailability.

1.2 Isothiocyanates

Evidence from epidemiological and case-control studies continues to support the notion that
consumption of cruciferous vegetables has substantial chemopreventive activity against
various human malignancies, including pancreatic cancer [37; 38]. Cruciferous vegetables
are a rich source of glucosinolates, which are converted to isothiocyanates (ITCs) by the
enzyme myrosinase and released when plant cells are damaged by cutting or chewing [39].
In addition, intestinal flora plays a major role in releasing ITCs from glucosinolates. Benzyl
isothiocyanate (BITC), an agent that is present in cruciferous vegetables such as watercress,
cabbage, cauliflower, mustard and horseradish, is widely consumed as part of a routine diet.
BITC has been reported to inhibit initiation, growth and metastasis of human cancers in
rodents [40; 41; 42; 43; 44; 45; 46; 47]. Previous reports from our laboratory showed that
BITC is quite effective in suppressing pancreatic tumor growth by inhibiting various key
signaling pathways, such as AKT, STAT3, HDAC, NFKB, etc. [41; 42; 45]. The structure of
BITC is shown in Fig. 2.

Signal Transducer Activator Transcription (STAT3) transcription factor is aberrantly
activated in a majority of cancers, including pancreatic cancer, and promotes cell survival
[48]. More than 50% of breast and lung cancer and around 95% of head and neck cancer
clinical samples show hyperactivated STAT3 [49]. Recently, numerous natural and synthetic
compounds have been shown to target STAT3 signaling. Results from our laboratory show
that BITC induces apoptosis in pancreatic cancer cells in a dose- and time-dependent
manner. Mechanistic studies revealed that BITC targets STAT3 signaling to induce
apoptosis in pancreatic cancer. The activation (Try-405 & Ser-727) and expression of
STATS3 in pancreatic cancer cells lines, such as BxPC-3, PanC-1, Capan-2 and MIA PaCa-2,
were suppressed by BITC treatment [45]. Though STAT3 protein levels were down-
regulated by BITC, it was not clear whether apoptosis induction was related to STAT3
inhibition. STAT3a overexpression and IL-6 stimulation blocked the effects of BITC and
confirmed the role of STAT3 in BITC-induced apoptosis.
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Pancreatic tumors can trigger substantial development of new blood vessels through a
process called angiogenesis. Neovascularization is a complex process that is mainly
triggered by tumor-derived hypoxia inducible factor (HIF-1a) and vascular endothelial
growth factor (VEGF) during oxygen deprivation [50]. Recent studies have identified
STAT-3 as a direct transcriptional activator of VEGF and HIF-1a under hypoxia [51; 52].
Since BITC substantially down-regulates STAT3 signaling [45], it is logical that BITC
would inhibit pancreatic cancer angiogenesis. Boreddy et al. showed that BITC significantly
inhibits angiogenesis in both CAM and rat aortic ring assay, indicating that BITC has
potential to inhibit tumor angiogenesis [40]. BITC-treated pancreatic cancer cells show
reduced secretion of VEGF and MMP-2 under normoxia and hypoxia conditions.
Furthermore, BITC was shown to down-regulate various angiogenic factors such as HIF1-a,
VEGFR-2, MMP-2, Rho A, Rho C and RAC1,2,3 in a dose-dependent manner in BxPC-3,
PanC-1 and HUVEC cells. Interestingly, BITC failed to reduce VEGF, HIF-1a and MMP-2
expression in STAT3 overexpressing BxPC-3 cells [40]. These results clearly indicate that
BITC targets STAT3 to suppress pancreatic cancer cell proliferation and angiogenesis.

Phosphatidyl inositol 3 phosphate (P13K) signaling plays a critical role during embryonic
development; however, deregulated PI3K/AKT pathway promotes uncontrolled growth in
malignant cells [53]. A recent report has shown that 59% of pancreatic tumors harbor
aberrantly activated AKT signaling [54]. Upon activation of PI3K by various stimuli, PDK1
phosphorylates AKT at Ser-308, leading to stabilization of AKT. Complete transcriptional
activation of AKT requires another phosphorylation at Ser-475 [55]. PI3BK/AKT pathway is
negatively regulated by phosphatases such as PTEN, which dephosphorylates PIP3, thus
limiting its availability [56]. Results from our laboratory have shown that BITC significantly
down-regulates the activation of AKT at both Ser-308 and Ser-475 [41]. Furthermore, BITC
also suppresses the phosphorylation of various other key molecules of PI3K/AKT pathway
such as PI3K (Tyr-458), PDK1 (Ser-241), mTOR (Ser-2448), etc., indicating that BITC
targets PI3K/AKT signaling to induce apoptosis in pancreatic cancer cells. Interestingly,
BITC had minimal effect on normal human pancreatic cells, HPDE-6 [41].

Inhibition of AKT phosphorylation by BITC significantly inhibited the phosphorylation of
FOXOL1 (Ser-256) and FOXO3a, without affecting the protein levels in BXPC-3 and PanC-1
cells. Inhibition of FOXO phosphorylation led to nuclear accumulation of FOXO proteins,
resulting in the up-regulation of FOXO transactivated proteins such as Bim, p21 and p27
[41]. BITC also regulated FOXO proteins by acetylation and efficiently decreased the
acetylation of FOXO proteins, probably by down-regulating CBP protein levels [41].

NFKB transcription factors play a vital role in the regulation of immunity, inflammation and
cell proliferation [57]. Under normal physiological conditions, NFkB is sequestered by 1kB
in the cytoplasm. Upon cellular stimulation, 1kB proteins are phosphorylated at Ser-32/36,
releasing NFkB from the complex, which then enters the nucleus and activates kB
responsive genes [58]. BITC treatment significantly down-regulated the phosphorylation of
NFKB at Ser-276 and Ser-536 in BXPC-3 and Capan-2 cells in a dose- and time-dependent
manner [42; 47]. BITC reduced NFKB expression in BxPC-3 cells but not in Capan-2 cells,
indicating that BITC acts differentially in different cell lines [42]. Since Capan-2 cells have
wild type p53 and BxPC-3 cells have mutated P53, it would be interesting to see whether
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p53 plays any role in BITC-induced down-regulation of NFkB expression. Mechanistic
studies revealed that neither IkB phosphorylation nor expression levels were altered by
BITC, whereas IKK expression was dose-dependently down-regulated. Hence, down-
regulation of IKK by BITC treatment could be the reason for inhibition of NFkB
phosphorylation (Ser-536). Similar to FOXO deacetylation, BITC significantly reduced the
acetylation of NFkB in pancreatic cancer cells by down-regulating HADC1 and HDAC3
[42].

Since BITC targets various key survival pathways in pancreatic cancer cells, it would be
quite interesting to know the overall mechanism of these actions. As many chemotherapy
drugs elicit their anticancer properties by generating reactive oxygen species (ROS), BITC
also significantly induced ROS generation in pancreatic cancer cells. Eventually, ROS
generation led to DNA damage as demonstrated by increased phosphorylation of H2A.X and
G2/M cell cycle arrest through ChK2 phopshorylation (Thr-68) [43; 46; 47]. In addition,
ROS generation also led to phosphorylation of various MAP kinases, such as ERK (Thr202/
Thy204), JNK (Thr183/Tyr185) and P38 (Thr180/Tyr182) in a dose-dependent manner [43].
Interestingly, ERK, JNK and P38 were phosphorylated in response to BITC treatment but
only ERK was involved in BITC-induced cell cycle arrest, whereas all other MAPK were
involved in apoptosis induction [43].

BITC (12 umol/day) was evidently well-tolerated by mice as no symptoms of toxicity such
as weight loss and physical inactivity were observed [45]. Tumor growth in BITC-fed mice
was substantially reduced as compared to control mice. Tumors appeared to grow more
slowly in BITC-fed mice as compared with control mice. For example, six weeks after
treatment with 12 umol BITC, the average tumor volume in control mice was about 1.92
fold higher than that in BITC-treated mice, indicating potential anticancer activity [45].
Interestingly, our results show that mean plasma concentration of BITC in 12 umol/day
treated mice was 6.5+0.1umol/L (n=10) [41], whereas accumulated BITC concentration in
tumors after 46 days was 7.5+0.3 umol/g (n=10). These results indicate that the therapeutic
concentration of BITC could be achieved in vivo by oral feeding. Moreover, mice treated
with 12 pmol BITC per day showed reduced (76%) hemoglobin content in matrigel plugs
that were implanted in both the flanks of nude mice [40]. Similarly, tumor xenografts
excised from treated mice showed about 61% reduced hemoglobin content as compared to
control mice [40]. These observations clearly establish that BITC inhibits tumor growth and
angiogenesis in vivo.

At this time, it is not clear whether BITC has multiple individual targets or whether it is a
tandem effect of upstream molecules. Since STAT3 and NFkB are known to be regulated by
AKT, we assume that BITC mainly targets AKT. Further studies are needed to fully
understand the mechanism of BITC action.

1.3 Capsaicin

Capsaicin, a homovanillic acid derivative (N-vanillyl-8-methyl-nonenamide), is a principle
pungent constituent of all chili pepper plants. The concentration of capsaicin in peppers
ranges from 0.1-1% w/w. The structure of capsaicin is shown in Fig 3. Capsaicin has been
used to treat pain, inflammation and a variety of diseases, including diabetic neuropathy,
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rheumatoid arthritis, postmastectomy pain syndrome, cluster headaches and herpes zoster.
Although chili pepper is used extensively in South America, Africa and Asia, there is still
debate whether consumption of capsaicin is entirely safe as published studies reveal
conflicting results [59]. A few studies indicated that capsaicin could potentially induce
carcinogenesis in animals. For example, about 60% of rats fed a semisynthetic diet
containing 10% chili and Swiss albino mice fed a semisynthetic diet containing 0.03%
capsaicin, developed neoplastic changes in liver and cecum, respectively [60; 61]. On the
contrary, a majority of the studies, including those from our laboratory, show that capsaicin
can suppress cancer growth in vitro and in vivo [62; 63; 64; 65]. The role of capsaicin in
human physiology is also controversial. Some studies showed that capsaicin can induce
carcinogenesis in gallbladder or gastric cancers [66; 67]. In contrast, bladder biopsies from
patients who were fed capsaicin over a five-year period did not show any metaplasia,
dysplasia, solid tumor or invasive tumor [68]. Controversial reports on capsaicin clearly
suggest a need for controlled epidemiological studies to determine whether capsaicin is
cancer preventive or causative [59].

Studies from our laboratory support the theory that capsaicin can suppress caerulin-induced
carcinogenesis in transgenic mice and suppresses pancreatic tumor growth both in vitro and
in vivo. Four-week old LSL-KrasG12D/Pdx1-Cre mice developed chromic pancreatitis and
PanIN lesions after a single dose of caerulin. However, mice fed a daily diet including 10 or
20 p.p.m of capsaicin for eight weeks significantly reduced the severity of chronic
pancreatitis and PanIN lesions [65]. Further analysis of these tumors revealed that capsaicin
significantly reduced the phosphorylation of ERK, c-JUN and Hedgehog/GLI1 activation in
capsaicin-treated mice as compared to control mice [65]. Hence, capsaicin was quite
effective in inhibiting the carcinogenesis of pancreatic cancer. Results from our laboratory
further show that capsaicin dose-dependently induces mitochondrial-dependent apoptosis in
ASPC-1 and BxPC-3 pancreatic cancer cells [62]. The apoptosis-inducing activity of
capsaicin was not mediated through TRPV1 receptor as capsazepine, a specific inhibitor of
TRPV1, did not protect the cells from capsaicin-induced death [62]. ROS-mediated JNK
activation was found to be involved in capsaicin-induced apoptosis. JNK inhibitor
(SP600125) or antioxidants such as N-acetyl cysteine (NAC) significantly attenuated
capsaicin-induced cell death in pancreatic cancer cells. Furthermore, oral administration of
5mg/kg capsaicin substantially reduced ASPC-1 xenograft or PanC-1 orthotopically
implanted tumor growth in nude mice as compared to control [62; 64].

Interestingly, capsaicin-induced ROS generation was mitochondria-derived. The
mechanistic studies revealed that capsaicin inhibited about 2.5-9% and 5-10% complex-I
activity and about 8-75% complex-I11 activity of mitochondrial electron transport chain
(ETC) in BXPC-3 and ASPC-1 cells, respectively [63]. These observations were further
supported by the fact that BxPC-3 rho cells, which lack intact respiratory chain, were
completely resistant to capsaicin-induced ROS generation and apoptosis. Capsaicin failed to
cause any ROS generation or induce apoptosis in normal pancreatic epithelial (HPDE-6)
cells, indicating the selectivity of capsaicin towards cancer cells [63]. Capsaicin also caused
the oxidation of mitochondrial lipid cardiolipin and reduced membrane potential [63]. In
addition, capsaicin treatment not only inhibited the enzymatic activities of catalase and SOD
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but also drastically reduced ATP and glutathione levels in pancreatic cancer cells.
Overexpression of catalase or treatment with EUK-134 significantly protected BxPC-3 cells
from capsaicin-induced apoptosis, indicating the role of ROS in capsaicin-induced apoptosis
[63]. Similarly, tumors from capsaicin-treated mice showed reduced SOD activity and
increased GSSG/GSH levels as compared to control mice. In conclusion, capsaicin induces
ROS through inhibition of mitochondrial complexes, leading to apoptosis.

Further mechanistic studies revealed that capsaicin targets Trx-ASKZ1 signaling in pancreatic
cancer to induce apoptosis. Previous reports show that apoptosis signal-regulating kinase 1
(ASK1) is activated mostly by oxidative stress. Activated ASK1 further activates both
MKK4/MKK7-c-Jun NH2 -terminal kinase (JNK) and MKK3/MKK#6-p-38 MAPK
signaling cascade [69]. ASK-1 activation is prevented by its endogenous inhibitor
thioredoxin (Trx). Oxidation of Trx by oxidative stress or ROS releases ASK-1 from the
complex and induces apoptosis. Results from our laboratory show that capsaicin depletes
Trx levels and phosphorylates ASK-1 at Thr-845 and increases its kinase activity. This leads
to the activation of ASK-1 downstream molecules such as MKK4/7 and JNK in BxPC-3
pancreatic cancer cells [64]. Interestingly, Trx overexpression suppressed apoptosis,
whereas ASK-1 overexpression increased capsaicin-induced apoptosis [64]. The role of
oxidative stress in capsaicin-induced apoptosis was further substantiated by treatment with
B-mercaptoehanol (reducing agent). -mercaptoehanol blocked capsaicin-mediated
activation of ASK-1. On the other hand, Trx inhibitor 1-chloro-2-4-dinitrobenzene increased
capsaicin-induced apoptosis in pancreatic cancer cells, indicating the disruption of Trx-
ASK-1 complex in capsaicin-induced apoptosis. Similarly, capsaicin-treated tumors show
reduced Trx levels and increased ASK-1 phosphorylation as compared to control tumors
[64].

Taken together, capsaicin targets mitochondrial electron transport chain to generate ROS,
and generated ROS activates JNK and disrupts Trx-ASK-1 interaction to induce
mitochondrial apoptosis in pancreatic cancer.

1.4 Green tea

Green tea produced from Camellia sinensis var. sinensis is one of the most widely
consumed beverages in the world [70]. Green tea chemical composition is quite complex,
but the significant therapeutic properties could be attributed to its flavonoid (polyphenol)
components. The main flavonoids present in green tea include catechins, such as (-)-
epigallocatechin-3-gallate (EGCG), that represents approximately 59% of the total
catechins: (-)-epigallocatechin (EGC) (19% approximately); (-)-epicatechin-3-gallate
(ECG) (13.6% approximately); and (-)-epicatechin (EC) (6.4% approximately) [71].
Chemical structures of EGCG is presented in Fig. 4. Out of these catechins, EGCG received
ample attention as an anticancer drug. Plasma bioavailability of green tea polyphenols
appears to be quite variable. For example, although EGCG concentration is five times more
abundant than EGC in green tea, plasma levels of EGC were higher as compared to EGCG
in rats given 0.6% green tea phenols (GTP) in their drinking water over a period of 28 days.
However, when a similar dose was given to mice, EGCG levels were much higher in plasma
as compared to EGC, indicating that bioavailability of catechins may vary with species [72].
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A recent pharmacokinetics study of catechins in humans showed that oral administration of
20 mg tea solids/kg resulted in average plasma peak concentrations of 223, 124 and 78
ng/mL for EGC, EC and EGCG, respectively, indicating that therapeutic concentrations of
catechins could be achievable in humans [73].

Green tea catechins are known to inhibit the growth of various cancers by targeting multiple
signaling pathways [74]; however few of these targets such as HSP90, FAK and STAT3
were evaluated in pancreatic cancer. Recently, Zhang et al. used green tea extract (GTE) to
suppress pancreatic tumor growth [75]. GTE altered 32 protein expressions in HPAF-I1
cells, which were involved in drug resistance, motility and metabolism. Particularly, GTE
altered the expression of heat-shock proteins such as Hsp-90, Hsp-75 and Hsp-27. In
addition, GTE inhibited the phosphorylation of AKT and p53, leading to apoptosis and
suppression of pancreatic tumor growth [75]. On the other hand, EGCG decreased the
association of p23 and Hsp-70 with Hsp-90, while having little effect on ATP binding to
HSp-90 [76]. Proteolytic fingerprinting revealed that EGCG directly binds to C-terminal
domain of the Hsp-90, leading to inhibition of co-chaperone association and thereby
inducing the degradation of Hsp-90 and apoptosis [76]. Mechanistic studies further revealed
that ROS was involved in EGCG-induced cell death, as EGCG dose-dependently induced
ROS generation in pancreatic cancer cells. Eventually, ROS activated JNK and cell cycle
arrest, leading to apoptosis. These results were corroborated by studies with
pharmacological inhibitors, where JNK inhibitor and NAC completely rescued the cells
from EGCG-induced effects [77; 78]. In addition, EGCG significantly inhibited the
pluripotency maintenance factors such as Nanog, c-Myc and Oct-4 of pancreatic cancer stem
cells (CSC), thus inhibiting the self-renewal potency of pancreatic CSCs [79]. Interestingly,
EGCG also inhibited sonic hedgehog signaling (smoothened, patched, Glil and Gli2) and
EMT activators such as Snail, Slug, ZEB1 and TCF/LEF [79]. Furthermore, green tea
catechins were shown to be effective in potentiating antitumor effects of chemodrugs such
as pterostilbene, celecoxib, TRAIL, thymoquine and gemcitabine [80; 81; 82; 83; 84].

Pancreatic cancer entails angiogenesis for early metastasis to various organs such as liver
and lymph nodes. Green tea polyphenols were quite effective in suppressing angiogenesis
and metastasis of pancreatic cancer. Shankar et al. showed that EGCG inhibits viability, tube
formation and migration of HUVECSs. Similarly, ASPC-1 xenografts treated with EGCG
showed reduced expression of VEGF, CD31, MMPs and ERK phosphorylation,
demonstrating the potential anti-angiogenic and anti-metastasis activity of EGCG [85].
Recently, Vu et al. proved that BXPC-3 and ASPC-1 cells treated with EGCG showed
reduced phosphorylation of focal adhesion kinase (FAK), insulin like growth factor
(IGF-1R) and mammalian target of rapamycin (mTOR), which play a critical role in
pancreatic cancer invasion and metastasis. Interestingly, EGCG treatment did not induce
cleavage of PARP, indicating that EGCG induces apoptosis independent of caspase 3 in
pancreatic cancer cells in contrast to other studies [86]. In another study, EGCG-mediated
pancreatic cancer growth suppression and anti-metastatic potentials were mediated by
STAT3 inhibition, and IL-6 pre-treatment protected the cells from EGCG-induced cell death
and VEGF secretion [84; 87]. Moreover, EGCG treatment significantly protected pancreas
of hamster from N-Nitrosobis (2-oxopropyl)amine (BOP)-induced carcinogenesis [88; 89;
90].
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Interestingly, Thakur et al. reported that green tea polyphenols increased p53 transcriptional
activity and p53 acetylation at Lys373 and Lys382 residues by inhibiting class 1 HDACs,
resulting in the accumulation of cells in GO/G1 phase [91]. EGCG has proven to be a potent
inhibitor of DNMT1 by forming hydrogen bonds with different residues in the catalytic
pocket of DNMT [92; 93]. Furthermore, Tsang and Kwok performed microarray analysis on
curcumin-treated hepatocytes and found that EGCG modified the expression of 61 miRNAs
[94]. Taken together, green tea catechins appear to be promising anticancer agents for
pancreatic cancer. Nevertheless, further clinical studies are required.

1.5 Resveratrol

Resveratrol, trans-3,5,4’-trihydroxy-trans-stilbene, is a naturally occurring polyphenol
synthesized by a variety of plant species in response to injury, ultraviolet (UV) irradiation
and fungal attack [95]. Resveratrol has been detected in more than 70 plant species,
including red grapes, peanuts, berries and pines [96]. Red grape skin is particularly rich in
resveratrol, which contains about 50 to 100 pg of resveratrol per gram wet weight [97].
Evidence from epidemiological studies indicates an inverse relationship between red wine
consumption and the risk of cardiovascular disease, the so-called “French Paradox” [98]. A
chemical structure of resveratrol is presented in Fig. 5. In Asian folk medicine, dried roots of
Poligonum cuspidatum, a rich source of trans-resveratrol, were used for treating
inflammation or hyperlipidemia [99]. Extensive data on human cell culture and mouse
models prove that resveratrol has beneficial effects on various biological processes,
including the prevention of cardiovascular diseases and cancer. The anti-carcinogenic effects
of resveratrol appear to be closely associated with its antioxidant activity. It has been shown
to inhibit cyclooxygenase, hydroperoxidase, protein kinase C, Bcl-2 phosphorylation, AKT,
focal adhesion kinase, NFxB, matrix metalloprotease-9 and cell cycle regulators [97].
However, the protective effects of resveratrol are hampered by poor bioavailability (less
than 1%) due to extensive metabolism in the intestine and liver. For example, 25 mg oral
dose of resveratrol resulted in undetectable levels of unmetabolized-resveratrol in plasma
after 0.5-2 h [100]. Efforts have been made to increase the bioavailbility and antitumor
activity of resveratrol by synthesizing its analogues [101; 102; 103]. Resveratrol is shown to
target various signaling pathways in pancreatic cancer such as hedgehog, FOXO, leukotriene
A4 hydrolase, macrophage inhibitory cytokine-1, Src and STATS3.

Resveratrol induces apoptosis in pancreatic cancer cells through mitochondrial-dependent
pathway. The authors Sun et al. suggested that resveratrol generates moderate ROS which
are greatly increased when combined with ionizing radiation [104]. Interestingly, resveratrol
exhibited lower toxicity to normal pancreatic cells [105; 106]. Resveratrol induced apoptosis
in INS-1E insulinoma cells by inhibiting AKT signaling [107]. Furthermore, resveratrol-
treated PanC-1 and ASPC-1 pancreatic cancer cells showed growth inhibition and cell cycle
arrest in GO/G1 phase [108; 109; 110]. Roy et al. reported that resveratrol-induced cell cycle
arrest was associated with the up-regulation of key cell cycle molecules such as p21/CIP1,
p27/KIP1 and inhibition of Cyclin D1 expression in MIA PaCa-2, PanC-1 and ASPC-1
pancreatic cancer cells [111]. Resveratrol-induced growth inhibition and internucleosomal
DNA fragmentation-induced apoptosis in Capan-2 and PanC-28 were enhanced at low pH
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conditions, indicating resveratrol probably has potential to target tumor microenvironment
[106].

Resveratrol specifically binds to sulfonylurea receptors (SUR), a regulatory sub unit of
ATP-sensitive K* channels [112]. Moreover, resveratrol has higher binding affinity towards
SUR than glibenclamide; hence resveratrol displaces the glibenclamide from SUR. In
addition, resveratrol induced SUR1-specific apoptosis in embryonic human kidney 293 cells
expressing SURL. Interestingly, resveratrol failed to induce SUR-specific apoptosis in SUR1
knockout mice and cells expressing SUR2A or SUR2B or the mutant SUR1 isoform,
indicating the specificity of the resveratrol towards SUR-1 [112]. Interestingly, resveratrol
induces apoptosis in pancreatic cancer cells by targeting hedgehog pathway. Low
concentrations of resveratrol decreased the expression of hedgehog pathway members such
as Glil, Ptcl, CCND1 and Blc2 [108]. Roy et al. demonstrated that resveratrol targets
FOXO phosphorylation through the inhibition of PI3K/AKT and MEK/ERK signaling in
pancreatic cancer cells [111]. Decreased phosphorylation of FOXO proteins led to nuclear
accumulation of FOXO proteins, up-regulation of pro-apoptoic protein Bim, and eventually
apoptosis. Furthermore, silencing FOXO proteins abrogated resveratrol-induced cell cycle
arrest and apoptosis in pancreatic cancer cells [113]. Similarly, mice bearing orthotopically
implanted PanC-1 xenografts and treated with resveratrol showed significant inhibition of
tumor growth, which was associated with reduced phosphorylation of ERK, PI3K, AKT,
FOXO1 and FOXO03a and induction of FOXO-transactive genes [111].

Based on structural similarities of resveratrol, Oi et al. hypothesized that resveratrol could
bind to leukotriene A4 hydrolase (LTA4H). As predicted, resveratrol was found to bind to
LTA4H and suppressed the proliferation and anchorage-independent growth of pancreatic
cancer [114]. In addition, inhibitory effects of resveratrol were reduced in LTA4H silenced
cells. Resveratrol inhibited tumor formation in a xenograft mouse model of human
pancreatic cancer by inhibiting LTA4H activity [114]. Oligonucleotide microarray analysis
of resveratrol treated S2-013 pancreatic cancer cells revealed that resveratrol specifically up-
regulates MIC1 gene. Silencing of MIC1 gene in CD18 cells resulted in significant
protection against resveratrol-induced growth inhibition [115]. Pancreatic cancer cells
harboring constitutively active STAT3 oncogene are specific targets for resveratrol.
Investigations from Kotha et al. revealed that resveratrol inhibits Src tyrosine kinase
activity, thereby inhibiting the constitutive activation of STAT3 in v-Src-transformed
fibroblasts, MDA-MB and pancreatic cancer cells [116]. Interestingly, resveratrol induced
irreversible cell cycle arrest in STAT3-activated cells, but absence of aberrant STAT3
activity showed reversible cell cycle arrest and minimal loss of cell viability. Furthermore,
resveratrol inhibited the growth and development of PanIN lesions in Kras G12D mice
model. Similarly, resveratrol inhibited the pluripotency maintaining factors such as Nanog,
Sox-2, c-Myc and Oct-4 and EMT inducers [117].

Resveratrol is also a potential candidate for the epigenetic modulation. Multiple studies have
shown that resveratrol can induce the expression of SIRT1 and down regulate the expression
of p300 [118; 119]. However, resveratrol had weak effect on DNA methylation in breast
cancer cells [120]. Furthermore, resveratrol decreased the levels of the miR-155 by up-
regulating miR-663, a microRNA targeting JunB and JunD [121].
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Resveratrol sensitizes pancreatic cancer cells to various chemotherapy drugs, including
gemcitabine, which has potential significance for cancer treatment. The chemosensitization
of tumor cells by resveratrol appears to be mediated through its ability to modulate multiple
cell-signaling molecules, such as drug transporters, NFkB and STAT3 [122; 123; 124].

2. Conclusion

Continuing support from epidemiological studies encourages the use of natural products as
anticancer agents. However, many of the epidemiologic studies had severe limitations, such
as potential misclassification of subjects by exposure, poor control of extenuating factors
and possible recall bias. And while some isolated substances may not exhibit potential anti-
cancer properties, they can be used as through chemical modification to synthesize better
and more effective chemotherapy drugs. Therefore, better controlled epidemiological studies
are needed to firmly establish and define the role of nutraceuticals in cancer prevention.
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Structure of curcumin
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Fig. 2.
Structure of benzyl isothiocyanate
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Structure of capsaicin
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Fig. 4.
Structure of (-)-epigallocatechin-3-gallate (EGCG)
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Structure of resveratrol
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