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Abstract

Pancreatic cancer is one of the most aggressive malignancies in US adults. The experimental 

studies have found that antioxidant nutrients could reduce oxidative DNA damage, suggesting that 

these antioxidants may protect against pancreatic carcinogenesis. Several epidemiologic studies 

showed that dietary intake of antioxidants was inversely associated with the risk of pancreatic 

cancer, demonstrating the inhibitory effects of antioxidants on pancreatic carcinogenesis. 

Moreover, nutraceuticals, the anti-cancer agents from diet or natural plants, have been found to 

inhibit the development and progression of pancreatic cancer through the regulation of cellular 

signaling pathways. Importantly, nutraceuticals also up-regulate the expression of tumor 

suppressive miRNAs and down-regulate the expression of oncogenic miRNAs, leading to the 

inhibition of pancreatic cancer cell growth and pancreatic Cancer Stem Cell (CSC) self-renewal 

through modulation of cellular signaling network. Furthermore, nutraceuticals also regulate 

epigenetically deregulated DNAs and miRNAs, leading to the normalization of altered cellular 

signaling in pancreatic cancer cells. Therefore, nutraceuticals could have much broader use in the 

prevention and/or treatment of pancreatic cancer in combination with conventional 

chemotherapeutics. However, more in vitro mechanistic experiments, in vivo animal studies, and 

clinical trials are needed to realize the true value of nutraceuticals in the prevention and/or 

treatment of pancreatic cancer.
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INTRODUCTION

Pancreatic cancer has remained one of the most aggressive malignancies for decades, with 

46,420 new cases and almost 40,000 deaths estimated for 2014 in the USA (1). It has 

maintained its position as the fourth leading cause of cancer-related deaths in US adults for 

years (1). Pancreatic cancer is fundamentally a disease initiated by the DNA damage caused 

by hereditary, smoking, or other lifestyle factors by chance. Since the acquired DNA 

damage is commonly induced by oxidants, the studies on the inhibitory effects of 

antioxidant nutrients on DNA damage and carcinogenesis have been broadly conducted. The 

experimental studies have found that antioxidant nutrients, functioning as anti-carcinogenic 

factors, could reduce oxidative DNA damage during the development of cancers, suggesting 

that these antioxidants may protect against carcinogenesis (2–5). Several epidemiologic 

studies have shown that dietary intake of antioxidant nutrients has been found to be 

inversely associated with the risk of pancreatic cancer, further demonstrating the inhibitory 

effects of antioxidants on pancreatic carcinogenesis (5–8). In addition, type II diabetes 

mellitus has been associated with an increased risk of pancreatic cancer, suggesting that the 

diet and glucose metabolism are involved in pancreatic carcinogenesis (9,10). Moreover, the 

anti-cancer agents from diet or natural plants have recently received much attention as 

nutraceuticals for cancer prevention and/or treatment. Importantly, emerging evidence 

shows that nutraceuticals could prevent the development and progression of pancreatic 

cancer, demonstrating the importance of nutraceuticals in the management of pancreas 

cancer.

The word “nutraceutical” was coined from “nutrition” and “pharmaceutical”. The term 

nutraceutical is applied to products that range from isolated nutrients, dietary supplements, 

and natural plant products. In recent years, an increasing number of studies have been 

conducted to investigate the inhibitory effects of nutraceuticals on cancers and the molecular 

mechanisms of action of nutraceuticals. The most frequently investigated nutraceuticals in 

pancreatic cancer include isoflavone genistein, biochanin A, curcumin, (−)-

epigallocatechin-3-gallate (EGCG), indole-3-carbinol (I3C), 3,3′-diindolylmethane (DIM), 

resveratrol, lycopene, garcinol, apigenin, benzyl isothiocyanate (BITC), sulforaphane, 

triphendiol, metformin, thymoquinone (TQ), emodin, triptolide, plumbagin, vitamins, etc 

(Table 1). Isoflavones are mainly derived from soybeans. Genistein, daidzein, and glycitein 

are the three main isoflavones found in soybeans. Isoflavone genistein shows anti-oxidant 

and anti-cancer activities (11). Biochanin A is another isoflavone found in red clover or soy 

and is known to exert its anti-cancer effect on various cancers (12). Curcumin is a natural 

compound present in turmeric and possesses anti-inflammatory, anti-oxidant, and anti-

cancer effects (13). EGCG is extracted from green tea and has antioxidant and anti-cancer 

properties (14). I3C and DIM are phytochemicals derived from cruciferous vegetables. I3C 

and DIM show inhibitory effects on carcinogenesis in various cancers (15). Both BITC and 

sulforaphane are also bioactive compounds from cruciferous vegetables and show anti-

cancer activities (16,17). Resveratrol is a dietary compound from grapes and shows anti-

carcinogenesis features through the up-regulation of tumor suppressor genes (18). Lycopene 

is the red pigment in tomatoes and has shown its chemopreventive potential in cancers (19). 

Garcinol is extracted from the rind of the fruit of Garcinia indica and shows anti-
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carcinogenesis activity (20). Apigenin is a dietary flavonoid possessing potential against 

cancers (21). Triphendiol (NV-196) is a synthetic isoflavene and shows inhibitory effects on 

pancreatic cancer (22). Metformin is a first-line drug for diabetes, and the natural source of 

metformin is Galega officinalis (23). TQ is isolated from the seeds of Nigella Sativa and 

shows some efficacy against pancreatic cancer (24). Emodin is an active constituent isolated 

from the root of Rheum Palmatum and has anti-inflammatory and anti-cancer effects (25). 

Plumbagin is a quinoid constituent isolated from the roots of the medicinal plant Plumbago 

zeylanica L (26). The in vitro experimental and in vivo animal studies have shown that these 

nutraceuticals have beneficial effects against pancreatic cancer through the regulation of 

cellular signaling, miRNAs, and epigenome.

NUTRIENTS AND NUTRACEUTICALS FOR PANCREATIC CANCER 

PREVENTION

Environmental and lifestyle factors are believed to play an important role in pancreatic 

carcinogenesis. It has been estimated that obesity, diabetes, and their associated chronic 

conditions contribute to the development of, at least, 30% of pancreatic cancer. Therefore, 

the nutrients in the diet and the dietary supplements are critical for the prevention of 

pancreatic cancer. A recent study from Mayo Clinic showed a significant inverse association 

(p < 0.05) between pancreatic cancer and nutrient or supplement intake including 

magnesium, potassium, selenium, α-carotene, β-carotene, β-cryptoxanthin, lutein and 

zeaxanthin, niacin, total αtocopherol, total vitamin A activity, vitamin B6, and vitamin C 

(6). These results suggest that most nutrients obtained through consumption of fruits and 

vegetables may reduce the risk of pancreatic cancer development. Consistent with these 

results, another recent study also showed a significant inverse association between dietary 

selenium and the risk of pancreatic cancer (p = 0.01) (7). Because fruits and vegetables may 

decrease the risk of pancreatic cancer, a study has been conducted to investigate the 

association between dietary carotenoids and pancreatic cancer risk. It has been found that 

lycopene, obtained mainly through the consumption of tomatoes, was associated with a 31% 

reduction in pancreatic cancer risk among men, suggesting that a diet rich in tomatoes and 

tomato-based products with high levels of lycopene could reduce pancreatic cancer risk (27). 

This result is consistent with another study showing that a low level of serum lycopene was 

strongly associated with pancreatic cancer (28), suggesting the beneficial effects of fruits 

and vegetables in lowering the risk of pancreatic cancer. However, in the Netherlands 

Cohort Study, no association between pancreatic cancer risk and high consumption of 

vegetables/fruits, carotenoids, and vitamin supplements was observed (29). The inconsistent 

results could be due to different analysis methods and geographic differences.

It is known that folate deficiency could induce DNA breaks and alter cellular capacity for 

mutation and epigenetic methylation. Studies have been conducted to investigate the 

potential protective role of plasma concentrations of folate, vitamin B6, vitamin B12, and 

homocysteine in pancreatic carcinogenesis. It has been found that among participants who 

get folate, vitamin B6, and vitamin B12 exclusively through dietary sources, there is an 

inverse relationship between pancreatic cancer risk and circulating folate, vitamin B6, and 

vitamin B12 (30), suggesting the protective effects of these nutrients against the 
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development of pancreatic cancer. Moreover, a combination of several chemopreventive 

agents for pancreatic cancer chemoprevention has been investigated because carcinogenesis 

comprises genetic and epigenetic alterations and a single agent may not be sufficient to 

prevent cancer that is mediated through the regulation of many signaling networks. The 

combination of aspirin, curcumin, and sulforaphane for the prevention of pancreatic cancer 

in hamsters has been reported (31). This study showed that aspirin and curcumin could be 

formulated in nanoparticles and that the effective dosages were decreased by 10-fold when 

combined with sulforaphane compared with the free form in the mixture. The formulated 

aspirin and curcumin nanoparticles are stable for oral administration, no toxicity, and more 

effective for chemoprevention of pancreatic cancer (31).

It is also important to note that diabetes mellitus has been associated with increased risk of 

pancreatic cancer. Diabetic patients with insulin resistance who have received insulin 

therapy had a two-fold increased risk in subsequent development of pancreatic cancer (32). 

This finding supports the idea that insulin and insulin-like growth factor receptors (IGFRs) 

are involved in pancreatic carcinogenesis (33). Interestingly, metformin, one of the 

nutraceuticals and the first-line of drugs for diabetes, could inhibit IGF signaling (34), 

suggesting that metformin could also inhibit the development of pancreatic cancer. A 

hospital-based case-control study was conducted at M. D. Anderson Cancer Center from 

2004 to 2008 involving 973 patients with pancreatic adenocarcinoma (including 259 diabetic 

patients) and 863 controls (including 109 diabetic patients). The study found that diabetic 

patients who had taken metformin had a significantly lower risk of pancreatic cancer 

compared with those who had not taken metformin (35). This study also showed that 

diabetic patients who had taken insulin or insulin secretagogues had a significantly higher 

risk of pancreatic cancer compared with diabetic patients who had not taken these drugs. 

These results suggest that the use of metformin could prevent the development of pancreatic 

cancer in patients diagnosed with diabetes. All results described above suggest the beneficial 

effects of nutrients and nutraceuticals in the prevention of pancreatic cancer.

The investigation on the nutritional modulation of carcinogenesis started several decades 

ago. However, no significant advances were achieved until the human genome project in 

2001. From then on, armed with the information of human genome and the advances of new 

post-genomic technologies including DNA methylation array, mRNA microarray, miRNA 

array, proteomic profiling, and metabolomics analysis, critical studies have been initiated. 

Growing body of studies has been conducted to elucidate the molecular effects of dietary 

constituents on genome-wide multiple-level gene expression and metabolic profiles, 

exhibiting the arrival of post-genomic era in nutrition and cancer research (36–38). The 

results from these studies are exciting and the new biomarkers have been identified through 

the dietary intervention studies (39,40). Emerging evidence has demonstrated that the 

interactions between genes/miRNAs and nutrients or nutraceuticals are significantly 

implicated in the processes of cancer development and progression (41,42). The results from 

gene/miRNA expression and methylation profiling together with molecular mechanistic 

experiments provided the information regarding the cellular signal transduction networks 

regulated by nutrients or nutraceuticals, which are becoming important for designing novel 

strategies for the prevention and/or treatment of pancreatic cancer.
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NUTRACEUTICALS FOR PANCREATIC CANCER TREATMENT

In recent years, the studies on nutraceuticals for the treatment of pancreatic cancer have been 

largely increased due to the realization of the beneficial effects of nutraceuticals in the 

prevention of pancreatic cancer. Growing evidence has shown that nutraceuticals could 

prevent the progression of pancreatic cancer through the modulation of cellular signaling, 

miRNAs, and epigenome. Some of this evidence are discussed in the following paragraphs.

Inhibition of Pancreatic Cancer through the Regulation of Cellular Signaling

Targeting EGFR signaling—The alterations of the EGFR gene in pancreatic cancer 

include over-expression, mutation, and other genetic and epigenetic events, leading to the 

activation of EGFR signaling. The activation of EGFR signaling causes the development 

and progression of pancreatic cancer and induces the resistance of pancreatic cancer cells to 

chemotherapy or radiotherapy. Clinical and experimental data has shown that most 

pancreatic cancers exhibit up-regulated expression of EGF and EGFR and that the up-

regulated EGFR signaling is significantly associated with the advanced pancreatic cancer 

and poor survival of patients diagnosed with pancreatic cancer (43). Therefore, targeting 

EGFR signaling is an important strategy for the treatment of pancreatic cancer (Figure 1).

By using microarray technology, isoflavone genistein has been found to inhibit the 

expression of EGFR AKT2, CYP1B1, NELL2, SCD, DNA ligase III, and Rad in pancreatic 

cancer, suggesting the inhibitory effect of genistein on EGFR signaling (44). The effects of 

another natural agent, plumbagin, on EGFR signaling in pancreatic cancer have also been 

tested. It has been found that plumbagin treatment could down-regulate EGFR, pSTAT3 at 

Tyr705, pSTAT3 at Ser727, DNA binding of STAT3, and interaction of EGFR with STAT3 

in PANC-1 pancreatic cancer cells and xenograft tumors, leading to the inhibition of 

pancreatic cancer cell growth in vitro and decreased weight/volume of implanted tumor in 

vivo (45). Plumbagin treatment also inhibited the phosphorylation and DNA-binding activity 

of NF-κB, and down-regulated STAT3 and NF-κB downstream target genes including 

cyclin D1, MMP-9 and Survivin (45). These results suggest that plumbagin could be a 

potent agent for the treatment of pancreatic cancer through the regulation of EGFR and NF-

κB signaling.

To enhance the anti-cancer effects of chemotherapeutics on pancreatic cancer, several 

natural agents have been tested in combination treatments for targeting EGFR signaling. It 

has been found that isoflavone genistein could significantly enhance EGFR inhibitor 

erlotinib-induced growth inhibition and apoptosis in BxPC-3, CAPAN-2, and AsPC-1 

pancreatic cancer cells (46). The combination treatment with genistein and erlotinib showed 

much more inhibition of EGFR, phosphorylated Akt, NF-κB, and survivin compared with 

the erlotinib treatment alone, suggesting the beneficial effects of isoflavone genistein in the 

combination treatment of EGFR activated pancreatic cancer. Moreover, 3,3′-

diindolylmethane (DIM) also potentiated the anti-cancer activity of EGFR inhibitor erlotinib 

in pancreatic cancer cells. The combination treatment with erlotinib and DIM significantly 

inhibited EGFR phosphorylation, cell proliferation and clonogenic growth compared to the 

treatment with either agent alone (47). Furthermore, animal studies have shown that DIM in 

combination with erlotinib exerted increased inhibitory effects on tumor growth in vivo 
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compared to either agent alone, suggesting that nutraceutical DIM combined with erlotinib 

could be useful for the combination treatment of pancreatic cancer with activated EGFR 

signaling.

Targeting COX-2 signaling—Cyclooxygenase (COX) is an enzyme which catalyzes the 

production of prostaglandins (PGE). PGE promotes cell proliferation; therefore, COX plays 

an important role in the control of cancer cell proliferation through the regulation of PGE. 

COX-2 is more relevant to the growth of cancer cells because it is usually absent in normal 

tissues and up-regulated in cancer cells. The synthesis of COX-2 could be induced during 

inflammatory and carcinogenic processes by cytokines, growth factors, and other cancer 

promoters. It has been found that most pancreatic cancer cell lines express up-regulated 

COX-2 (48). Moreover, strong expression of COX-2 protein has been observed in 44% of 

pancreatic carcinoma tissues and moderate expression of COX-2 has been found in 46% of 

pancreatic carcinoma tissues. However, benign tumors only showed weak expression or no 

expression of COX-2 (49). These results suggest the importance of COX-2 in pancreatic 

carcinogenesis. Therefore, targeting COX-2 signaling could be another promising strategy 

for the treatment of pancreatic cancer.

Several COX-2 inhibitors have been developed and shown to inhibit pancreatic cancer 

growth. Among them, celecoxib which inhibits only COX-2 is more desirable for clinical 

use. Moreover, several nutraceuticals have been tested for the inhibition of inflammation 

and carcinogenesis through the regulation of COX-2 (Figure 1). Curcumin showed strong 

inhibitory effects on the expression of COX-2, EGFR, NF-κB, ERK1/2, lipooxygenase 

(LOX), and inducible nitric oxide synthase (iNOS), leading to the inhibition of pancreatic 

cancer and inflammation (50,51). Importantly, curcumin synergistically potentiated the 

growth inhibitory and pro-apoptotic effects of celecoxib in pancreatic adenocarcinoma cells 

(52). The enhanced growth inhibition has been found to be associated with significant down-

regulation of COX-2 expression under the combination treatment condition. Curcumin also 

increased the inhibitory effect of gemcitabine on pancreatic cancer cell proliferation, and 

potentiated pro-apoptotic activity of gemcitabine through the down-regulation of COX-2 

and p-ERK1/2 (53). In addition, curcumin analog CDF with higher bioavailability has been 

synthesized and the effect of CDF on COX-2 expression and pancreatic cancer growth have 

been tested. It has been found that CDF significantly inhibited the expression of COX-2, 

NF-κB, and VEGF, leading to the inhibition of growth of pancreatic cancer cells with cancer 

stem cell (CSC) signatures (54,55). These results suggest that curcumin and its analogs 

could be useful for the inhibition of pancreatic cancer growth mediated through the targeting 

of COX-2 signaling. Moreover, another nutraceutical resveratrol has been found to 

potentiate the effects of gemcitabine through the regulation of COX-2 signaling, leading to 

the inhibition of pancreatic cancer cell proliferation, invasion, and metastasis (56). In 

addition, triptolide could down-regulate COX-2 signaling, resulting in reduced growth and 

angiogenesis of pancreatic cancer in mouse xenograft model (57). Moreover, triptolide could 

also cooperate with cisplatin to induce more apoptosis in gemcitabine-resistant pancreatic 

cancer (58). Therefore, targeting COX-2 by these nutraceuticals could be a therapeutic 

strategy for achieving better treatment outcomes for pancreatic cancer.
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Targeting PI3K/Akt signaling—The activation of EGFR has been known to activate 

PI3K which further phosphorylates and activates Akt, leading to the activation of PI3K/Akt 

signaling. The activation of Akt promotes cell survival through the inhibition of apoptosis 

mediated by down-regulation of pro-apoptotic molecules including Bad, Forkhead 

transcription factors, and caspase-9 (59). Akt could also activate NF-κB pathway through 

the regulation of molecules in the NF-κB pathway, leading to the survival of cancer cells 

(Figure 1). The activation of PI3K/Akt signaling has been found in most pancreatic cancers 

and the up-regulated Akt signaling has been found to be associated with high tumor grade 

and poor prognosis of pancreatic cancer, suggesting that PI3K/Akt signaling is critical for 

the survival of pancreatic cancer cells.

The effect of several nutraceuticals on the PI3K/Akt pathway in pancreatic cancer cells has 

been tested. It has been found that EGCG from green tea could up-regulate PTEN 

expression and down-regulate the Akt phosphorylation (60). Similarly, resveratrol from 

grapes inhibited cell viability, suppressed colony formations, and induced apoptosis through 

the inhibition of PI3K/Akt signaling, resulting in the inhibition of pancreatic tumor growth 

in mice (61). Moreover, resveratrol decreased the level of p-Akt and regulated the 

expression of epithelial-to-mesenchymal transition (EMT) related genes (E-cadherin, N-

cadherin, vimentin), MMP-2, and MMP-9, leading to the suppression of pancreatic cancer 

migration and invasion (62). In addition, benzyl isothiocyanate also showed its inhibitory 

effects on the growth of implanted BxPC-3 tumor in xenografts in mice through the down-

regulation of pAkt and up-regulation of apoptotic genes, Bim, p27, and p21 (63). Similarly, 

sulforaphane also inhibited pAkt and induced the expression of p21 and p27, leading to cell 

cycle arrest and the induction of apoptosis of pancreatic cancer (64). Moreover, biochanin 

A, curcumin, and curcumin analogs (FLLL11, FLLL12, and CDF) could also inhibit the 

activation of Akt signaling, leading to the induction of apoptosis and the inhibition of 

pancreatic cancer cell survival and invasion (65–68).

More importantly, nutraceuticals could also enhance the anti-cancer effects of conventional 

therapeutics through down-regulation of Akt signaling. Isoflavone genistein has been found 

to potentiate the anti-cancer activity of erlotinib through the inhibition of EGFR and Akt 

activation in pancreatic cancer cells, suggesting that the combination treatment with 

erlotinib and genistein could be a novel strategy for pancreatic cancer therapy (46). 

Genistein also enhanced the anti-cancer activity of gemcitabine via significant inhibition of 

Akt activity (69). Moreover, apigenin in combination with gemcitabine exerted more 

inhibitory effects on pancreatic cancer cell proliferation compared to either agent alone. 

Apigenin decreased the levels of pAkt and abrogated gemcitabine-induced pAkt, leading to 

the significant inhibition of cell proliferation in combination treatment (70,71). By targeting 

Akt signaling, apigenin also down-regulated the expression of glucose transporter 1 

(GLUT-1), one of the Akt target genes (72), suggesting the inhibitory effects of apigenin on 

Akt signaling. In addition, emodin also inhibited the activation of Akt. Treatment with 

gemcitabine combined with emodin could efficiently suppress tumor growth in mice 

inoculated with pancreatic cancer cells via the reduction of pAkt level and the induction of 

caspase-9 and caspase-3 activation (73). These results demonstrated that inactivation of Akt 
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by nutraceuticals could enhance the efficacy of conventional therapies for the treatment of 

pancreatic cancer.

Targeting NF-κB signaling—It is well known that NF-κB signaling is critical for the 

control of cell growth, apoptosis, inflammation, stress response, and other cellular processes 

(74). NF-κB can be activated through the Akt activation or the IKK mediated IκBα 

degradation, leading to NF-κB nuclear translocation and binding to DNA. The binding of 

NF-κB to the promoters of target genes enhances the expression of survivin, MMP-9, uPA, 

and VEGF that are critical for cell growth, apoptosis, invasion, metastasis, and angiogenesis 

of cancer cells. It has been found that pancreatic cancer tissues and cell lines express 

significantly up-regulated NF-κB, suggesting that the activation of NF-κB contributes to the 

carcinogenesis of pancreatic cancer (75). Moreover, the constitutively activated or 

chemotherapeutic agent-induced NF-κB is associated with chemoresistance, invasion and 

metastasis of pancreatic cancer. Therefore, targeting NF-κB could be a promising strategy 

for the treatment of pancreatic cancer.

Benzyl isothiocyanate from cruciferous vegetables could inhibit the expression of NF-κB in 

BxPC-3 pancreatic cancer cells (76,77). Sulforaphane also derived from cruciferous 

vegetables could eliminate pancreatic CSCs by down-regulation of NF-κB activation, 

leading to the inhibition of clonogenicity, spheroid formation, ALDH1 activity, and 

migratory capacity (78). Triptolide also inhibited ALDH1 and NF-κB activity, migratory 

activity, and EMT/CSC features, leading to the reversal of EMT and CSC characteristics 

(79). In addition, thymoquinone and garcinol could inhibit the constitutive and TNF-α-

mediated activation of NF-κB and down-regulate NF-κB target genes, MMP-9, VEGF, IL-8, 

and PGE2, leading to the growth inhibition of pancreatic cancer cells (80–82).

Several nutraceuticals targeting NF-κB have been used to enhance the anti-tumor effects of 

chemotherapeutic agents. It has been found that treatment with cisplatin, docetaxel, 

doxorubicin, and gemcitabine could induce NF-κB activity (69,83,84). However, the 

activation of NF-κB by these agents was completely abrogated by the isoflavone genistein 

treatment in pancreatic cancer cells (69,83–85). Experimental studies also showed that 

down-regulation of NF-κB by nutraceutical sulfasalazine, apigenin, curcumin, or emodin 

could sensitize pancreatic cancer cells to chemotherapeutic agents (71,86–91). Apigenin 

could down-regulate NF-κB signaling (92,93) and enhance anti-tumor efficacy of 

chemotherapeutic agents in pancreatic cancer (71,88). Curcumin could decrease the 

expression of NF-κB p50, NF-κB p65, Sp1, Sp3, and Sp4 transcription factors that are 

overexpressed in pancreatic cancer cells (94), and sensitize pancreatic cancer to gemcitabine 

and radiation in vitro and in vivo (87,95). Emodin could also suppress NF-κB signaling (96) 

and sensitize gemcitabine-resistant pancreatic cancer cells to gemcitabine therapy via 

inhibition of MDR-1, NF-κB and its target genes, VEGF, MMP-2, MMP-9, and eNOS (89–

91,97). All these results demonstrate that targeting NF-κB signaling by nutraceuticals could 

enhance the anti-cancer effects of conventional therapies for the treatment of pancreatic 

cancer; however, proof-of-concept and therapeutic clinical trials must be done to validate the 

importance of nutraceuticals in the treatment design for pancreas cancer.
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Numerous studies have shown that curcumin has low systemic bioavailability. To increase 

the bioavailability, nanoparticle encapsulated formulation of curcumin, liposomal 

formulation of curcumin, and curcumin analogs (GO-Y030 and CDF) have been developed. 

The formulated curcumins and the analog significantly inhibited the activation of NF-κB 

and down-regulated the expression of NF-κB target genes, IL-6, IL-8, and COX-2 (66,98–

101), suggesting higher bioavailability and anti-cancer efficacy of these formulated 

curcumins and curcumin analogs. These formulated curcumins and curcumin analogs could 

be useful in combination with chemotherapeutics for enhancing the anti-cancer efficacy of 

chemotherapeutics in the treatment of pancreatic cancer.

Targeting AMPK-mTOR signaling pathway—The AMP-activated protein kinase 

(AMPK) is critically involved in the control of the energy status of a cell where glucose and 

amino acids regulate the release of insulin. It has been found that the inhibition of AMPK in 

pancreatic β-cells by high glucose activates the mammalian Target of Rapamycin (mTOR) 

signaling (102) which is another regulator for nutritional status in cells, suggesting the 

importance of AMPK-mTOR signaling in pancreatic development and differentiation. In 

addition, the activated Akt signaling in pancreatic cancer cells could up-regulate its down-

stream mTOR signaling, leading to the survival of pancreatic cancer cells. Indeed, the 

constitutively activated mTOR pathway is frequently observed in pancreatic ductal 

adenocarcinoma and chronic pancreatitis (103). Moreover, mTOR signaling also plays 

important roles in the maintenance of pancreatic cancer stem cells through stemness-related 

regulations (104). Therefore, targeting AMPK-mTOR signaling by nutraceuticals could be a 

promising strategy for the treatment of pancreatic cancer (Figure 2).

In an in vivo clinical study, it was found that diabetic patients with pancreatic cancer who 

used metformin for their diabetes treatment have an improved survival (105). Moreover, in 

vitro studies showed that metformin exerts anti-cancer activity through the inhibition of 

mTOR signaling via AMPK-dependent and -independent pathways in pancreatic cancer 

cells (106). Low concentrations of metformin also selectively inhibit the proliferation of 

CD133+ cancer stem-like cell in pancreatic cancer through the suppression of mTOR 

signaling (107). In addition, EGCG from green tea has been found to significantly inhibit the 

proliferation of pancreatic cancer cells and induce apoptotic cell death (108). These anti-

cancer effects of EGCG on pancreatic cancer cells are mediated through the up-regulation of 

PTEN expression and the down-regulation of phospho-Akt and phospho-mTOR, suggesting 

the molecular regulation of EGCG on Akt/mTOR signaling. Importantly, the targeted 

inhibition of mTOR signaling has been found to enhance radiosensitivity in pancreatic 

carcinoma cells (109), suggesting that the suppression of mTOR signaling by nutraceuticals 

such as metformin and EGCG could potentiate the anti-cancer activity of radiation therapy 

for achieving better treatment outcomes in patients diagnosed with pancreatic cancer.

Targeting other signaling pathways—The nutraceuticals are also known to inhibit the 

growth of pancreatic cancer cells through the regulation of other cellular signaling pathways 

(Figure 2). As described earlier, metformin down-regulates IGF signaling, leading to the 

inhibition of pancreatic cancer growth (34). K-ras signaling is commonly activated by K-ras 

mutation in pancreatic intraepithelial neoplasia (PanIN) and late stage of pancreatic cancer, 
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suggesting that the activated K-ras signaling drives the development and progression of 

pancreatic cancer (110). It has been found that EGCG from green tea could suppress the 

expression of the K-ras gene and, thereby, inhibits the growth of pancreatic cancer cells 

(111). EGCG also down-regulates the expression of CSC marker genes (Nanog, c-Myc and 

Oct-4) and self-renewal capacity of pancreatic CSCs through the inhibition of hedgehog 

signaling (112). Similarly, sulforaphane and resveratrol also inhibit pancreatic CSC 

stemness and pancreatic cancer cell growth by regulating the CSC marker genes and 

hedgehog signaling (113,114). Apigenin is known to inhibit the expression of HIF-1α, 

GLUT-1, and VEGF mRNA and protein in pancreatic cancer cells (72,115). Benzyl 

isothiocyanate has been found to down-regulate the STAT3 signaling and induce the 

phosphorylation of ERK and JNK, leading to the induction of apoptosis and inhibition of 

pancreatic cancer cell growth (116,117). Triptolide also regulates ERK and induce apoptosis 

in pancreatic cancer (118). Similarly, thymoquinone is known to sensitize gemcitabine and 

oxaliplatin-induced apoptosis in pancreatic cancer cells with down-regulation of Bcl-2, Bcl-

xL, survivin, and XIAP (119). These findings suggest that nutraceuticals could inhibit 

pancreatic cancer cells or CSCs through the modulation of CSC related hedgehog signaling 

and apoptotic signaling pathways.

Inhibition of Pancreatic Cancer by Targeting miRNAs

MicroRNAs (miRNAs) are noncoding RNAs which contain only 18 to 22 nucleotides. 

Although miRNAs do not code for any proteins or peptides, miRNAs are known to down-

regulate the expression of their target genes. In this way, miRNAs control cell proliferation, 

differentiation, apoptosis and other cellular processes through the regulation of different 

cellular signaling pathways. Importantly, miRNAs also play critical roles in the development 

and progression of various cancers including pancreatic cancer. The miRNAs expression 

profiles of pancreatic cancers have been achieved by conducting miRNA array analysis 

using pancreatic cancer and normal pancreatic epithelial cells, tissues, and serum. The 

aberrant expressions of several miRNAs have been found in pancreatic cancer cells. 

Pancreatic cancer cells express significantly higher levels of miR-21 and miR-221, and 

reduced levels of miR-34, miR-200, and let-7. These miRNAs are known to regulate several 

important molecules including EGFR, p53, Akt, NF-κB, TGF-β, p16INK4A, BRCA1/2, K-

ras, etc, which are aberrantly expressed in pancreatic cancer (120). By regulating these 

critical molecules and their cellular signaling, the miRNAs are known to control DNA 

repair, cell cycle, apoptosis, invasion and metastases of pancreatic cancer cells. Therefore, 

these aberrantly expressed miRNAs could be promising targets for the treatment of 

pancreatic cancer.

It is well known that overexpression of miR-21 contributes to chemoresistance in pancreatic 

cancer. Indole-3-carbinol has been found to down-regulate the expression of miR-21 and 

consequently increased the expression of its target PDCD4, leading to increased sensitivity 

of pancreatic cancer cells to gemcitabine (121). Similarly, resveratrol also decreased the 

expression of miR-21 and inhibited BCL-2 expression in PANC-1, CFPAC-1 and 

MiaPaCa-2 pancreatic cancer cells (122). Garcinol could also synergize with gemcitabine to 

inhibit cell proliferation and induce apoptosis in pancreatic cancer cells through the down-

regulation of miR-21 expression (123).
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The miR-221 is another miRNA that is highly expressed in pancreatic cancer. It has been 

found that the treatment of pancreatic cancer cells with isoflavone mixture G2535, 

formulated 3,3′-diindolylmethane (BR-DIM), or synthetic curcumin analogue CDF could 

down-regulate the expression of miR-221 and consequently up-regulate the expression of 

PTEN, p27kip1, p57kip2, and PUMA, leading to the inhibition of cell proliferation and 

migration of MiaPaCa-2 and PANC-1 pancreatic cancer cells (124). Benzyl isothiocyanate 

could also reduce the levels of miR-221, and induce the expression of miR-375 which is 

down-regulated in pancreatic cancer patients (125).

The expression of miRNA let-7, miR-200, and miR-146a are commonly down-regulated in 

pancreatic cancer, and could regulate EMT and CSC signature genes. It has been found that 

DIM and isoflavone significantly up-regulated the expression of miR-200 family in EMT-

type MiaPaCa-2 cells (126). DIM or isoflavone also increased epithelial marker E-cadherin 

and decreased mesenchymal markers, ZEB1, vimentin and slug, suggesting that these 

nutraceuticals could revert the EMT phenotype. More importantly, the sensitivity of EMT-

type cells to gemcitabine was significantly increased after miR-200b transfection or 

treatment of cells with DIM or isoflavone (126). These results clearly demonstrate that the 

nutraceuticals, DIM or isoflavone, could enhance the sensitivity of gemcitabine-resistant 

EMT-type cells to gemcitabine through the regulation of miR-200. Moreover, DIM and 

isoflavone also induced miR-146a expression and subsequently reduced EGFR, MTA-2, 

IRAK-1, and NF-κB expression, resulting in the inhibition of pancreatic cancer cell invasion 

(127). Isoflavone also suppressed pancreatic cancer cell proliferation, migration, invasion, 

EMT phenotype, and pancreatosphere formation capacity through the up-regulation of let-7 

and miR-200 families, and the down-regulation of CSC marker CD44 and EpCAM, 

suggesting that miRNA mediated EMT and CSC signatures could be inhibited by isoflavone 

(128).

In addition, the effects of curcumin analog CDF on miRNA expressions in pancreatic cancer 

cells with EMT and CSC signatures have also been tested. It has been found that CDF could 

significantly inhibit the expression of oncogenic miR-21 and could also up-regulate the 

expression of several tumor suppressive miRNAs including miR-26a, miR-101, miR-146a, 

miR-200 family, and let-7 family (55,129). By regulating the expression of miRNAs, CDF 

significantly inhibits the sphere formation capacity of pancreatic cancer cells, increases 

disintegration of pancreatospheres, and down-regulates the expression of CSC marker genes 

in gemcitabine-resistant pancreatic cancer cells (55). Further studies have shown that CDF 

could increase drug sensitivity and suppress tumor growth and aggressiveness of pancreatic 

cancer through the regulation of miRNA-mediated CSC signature genes, and the 

deregulation of EZH2, Notch-1, VEGF, IL-6, and Akt signaling pathways (55,66,129–131), 

suggesting the inhibitory effects of CDF on pancreatic CSCs and overcoming drug 

resistance via miRNA regulation. Interestingly, metformin, a natural agent for the treatment 

of diabetes, also increased the expression of tumor suppressive miRNAs including let-7a, 

let-7b, miR-26a, miR-101, miR-200b, and miR-200c, and decreased the expression of CSC 

marker genes including CD44, EpCAM, EZH2, Notch-1, Nanog and Oct4 (132). By 

modulating the miRNA-mediated CSC signaling, metformin significantly inhibited cell 

proliferation, invasion, and sphere-forming capacity in both gemcitabine-sensitive and 

Li et al. Page 11

Pancreas. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



gemcitabine-resistant pancreatic cancer cells (132). These findings further support the 

inhibitory effects of nutraceuticals on miRNA-regulated EMT and CSC signaling (Figure 1).

In addition, studies have also shown that nutraceuticals could regulate the expression of 

various miRNAs in pancreatic cancer. It has been found that isoflavone genistein could also 

suppress cell growth, induce apoptosis, and inhibit invasion of pancreatic cancer cells 

through the inhibition of miR-27a (133). Curcumin could up-regulate miRNA-22 and down-

regulate miRNA-199a, leading to the inhibition of pancreatic cancer cell growth (134). 

Triptolide could increase the expression of miR-204 and decrease the expression of miR-204 

target Mcl-1, leading to apoptotic cell death of pancreatic cancer cells (135). Triptolide also 

induced the expression of miR-142-3p and inhibited the expression of its target HSP70 

(136).

All the findings described above suggest that nutraceuticals could inhibit the growth of 

pancreatic cancer cells, pancreatic CSCs and EMT-type cells through the deregulation of 

miRNAs, and thus nutraceuticals could be very useful for the prevention and/or for the 

treatment of pancreas cancer preferably in combination with conventional therapeutics.

Targeting Epigenome for Pancreatic Cancer Treatment

Epigenome contains a profile of the chemical changes to the DNA and histone proteins 

within an individual, and the changes could be heritable as well. The epigenetic chemical 

changes could alter the structure of chromatin and, thereby, the function of the genome. The 

most frequent epigenetic changes include DNA methylation and histone modifications with 

methylation and acetylation. These epigenetic regulations alter the expression of genes 

without any changes in the DNA sequences. By regulating gene expression, epigenome 

controls organ development, tissue differentiation, and cell survival. The genome within an 

individual is more static; however, the epigenome can be altered by environmental 

conditions such as foods and pollutions. Therefore, the alterations in epigenome could be 

regulated by nutraceuticals for the inhibition of cancer development and progression.

It is important to note that pre-cancerous cells undergo aberrant epigenetic regulation, 

leading to the development of cancers. In pancreatic pre-cancerous and cancer cells, the 

epigenome precedes multiple alterations and regulations, which are the molecular basis of 

carcinogenesis and aggressiveness of pancreatic cancer. Among the epigenetic regulations, 

altered histone modification and DNA methylation are mostly observed in pancreatic cancer. 

DNA methylation and histone modification critically affect the transcription of genes. In 

histone modification, acetylation and methylation of histones regulate gene expression. The 

altered histone acetylation and methylation in a specific gene could cause activation of 

oncogenes and inactivation of tumor suppressors. The methylation of DNA sequences in 

promoters of genes obstructs transcriptional activators, leading to the down-regulation of 

gene expression. Importantly, DNA methylation in the promoter region of miRNA genes 

could also inhibit the expression of specific tumor suppressive miRNAs, leading to the up-

regulation of oncogenic targets of these miRNAs (Figure 1). The up-regulated oncogenic 

signaling caused by altered histone modification and DNA methylation could promote 

carcinogenesis and the progression of pancreatic cancer.
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It has been found that nutrients in the diet can reverse or change epigenetic regulation such 

as DNA methylation and histone modifications (137). Because pancreatic carcinogenesis is 

known to be regulated by genetic or epigenetic mechanisms, epigenetic regulations using 

nutraceuticals could prevent carcinogenesis and control the progression of pancreatic cancer 

(137,138). Several enzymes such as histone deacetylases (HDACs), histone 

acetyltransferases, and DNA methyltransferases (DNMTs) play important roles in epigenetic 

regulations. It has been found that pancreatic cancer cells overexpress histone deacetylases, 

giving rise to epigenetic patterns of chemoresistance and aggressiveness (139,140). 

Therefore, targeting HDACs is important in the inhibition of pancreatic cancer growth 

through epigenetic regulations. Pancreatic cancer cells also express high levels of DNMTs, 

which could lead to DNA methylation in tumor suppressor genes and the inactivation of 

tumor suppressor (141). Several nutraceuticals have been shown to inhibit HDACs and 

DNMTs, suggesting the role of nutraceuticals in the inhibition of pancreatic cancer 

development and progression through deregulating HDACs and DNMTs.

Isoflavone genistein from soybeans could epigenetically up-regulate the expression of tumor 

suppressor genes and miRNAs by modulating DNA methylation and chromatin 

configuration, leading to the inhibition of various cancers (142,143). Type 2 diabetes is a 

result of chronic insulin resistance and loss of functional pancreatic β-cells. Type 2 diabetes 

is associated with the development of pancreatic cancer. Therefore, strategies to preserve β-

cells could prevent the occurrence of pancreatic cancer. Isoflavone genistein has been found 

to protect β-cells at physiologically relevant concentrations through the epigenetic regulation 

of cAMP/PKA signaling (144), suggesting the inhibitory effect of genistein on pancreatic 

carcinogenesis through epigenetic regulation. Equol is an isoflavonoid metabolized from 

daidzein which is a type of isoflavone. Coumestrol is a natural phytochemical found in 

soybeans. It has been found that the DNA sequences of c-H-ras proto-oncogene could be 

hypermethylated in neonatal rats exposed to coumestrol and equol, leading to the inhibition 

of c-H-ras expression (145). This phenomenon is consistent with epidemiologic studies 

showing that equol may have anti-carcinogenic effects.

Curcumin could also mediate epigenetic modulation of genes and miRNA expressions. A 

phase II clinical study has shown the benefit of curcumin in patients with advanced 

pancreatic cancer through epigenetic modulation of target genes (146). It was found that 

curcumin may function as an epigenetic agent which could interact with HDACs, histone 

acetyltransferases, DNA methyltransferase-1, and several miRNAs to mediate its biological 

activity (146), leading to the inhibition of pancreatic cancer. Histone methyltransferase 

(EZH2) is a critical epigenetic regulator and plays important roles in the control of cell 

proliferation, apoptosis, and CSC function. Curcumin analog CDF has been shown to down-

regulate the expression of EZH2, leading to the inhibition of cell survival, clonogenicity, 

pancreatosphere formation capacity, cell migration, and CSC function in human pancreatic 

cancer cells (129). In addition, curcumin analogues EF31 and UBS109 could also inhibit 

HSP-90 and NF-κB, leading to the down-regulation of DNMT-1 expression in pancreatic 

cancer cells (147). These findings suggest the beneficial effects of curcumin and its analogs 

in the inhibition of pancreatic cancer though the epigenetic deregulation of several important 

genes.
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It has been found that EGCG could decrease global DNA methylation in cancer cells. EGCG 

could induce the expression of Raf kinase inhibitor protein (RKIP) through the inhibition of 

HDAC activity, suggesting the effects of EGCG on epigenetic regulation (148). Moreover, 

the epigenetic regulation by EGCG up-regulates the expression of histone H3 and down-

regulates the expression of Snail, nuclear translocation of NF-κB, the activity of MMP-2 and 

-9, and the invasive activity of AsPC-1 pancreatic cancer cells (148). In addition, increased 

expression of E-cadherin and decreased phosphorylation of ERK were also observed upon 

EGCG treatment (148). These results demonstrate that EGCG could function as an 

epigenetic regulator to modulate signal transduction in the PKIP/ERK/NF-κB signaling 

pathway, leading to the inhibition of the invasion of pancreatic cancer cells.

Recent studies have shown that garcinol possesses anti-cancer activity through its 

antioxidative, anti-inflammatory, antiangiogenic, and proapoptotic activities. Moreover, 

garcinol could also function as an effective epigenetic regulator by inhibiting histone 

acetyltransferases and modulating miRNAs that are involved in carcinogenesis, leading to 

the growth inhibition of pancreatic cancer in vitro and in vivo (149). Therefore, garcinol 

could be a promising nutraceutical for the prevention and/or treatment of pancreatic cancer 

which is in part due to epigenetic regulation.

Because the nutraceuticals including metformin, genistein, curcumin, etc. have shown their 

anti-cancer activities through the regulation of cellular signaling, miRNAs, and epigenome 

in vitro, these nutraceuticals have been used in the clinical trials for the prevention or 

combination treatment of pancreatic cancers (34,150). Metformin is being used with the 

conventional chemotherapeutics such as gemcitabine, erlotinib, capecitabine, cisplatin, 

epirubicin, and others in the clinical trials for the combination treatment of pancreatic cancer 

(ClinicalTrials.gov). Curcumin has also been used in combination with gemcitabine and 

Celebrex in the clinical trials for pancreatic cancer therapy. Similarly, several clinical trials 

are being conducted to evaluate the role of genistein and AXP107-11, a crystalline form of 

genistein, in the combination treatment of pancreatic cancer with gemcitabine and erlotinib 

(ClinicalTrials.gov). In addition, vitamins have also been used in combination with 

chemotherapeutics in pancreatic cancer clinical trials. Table 2 lists ongoing clinical trials 

using nutrients and nutraceuticals in combination with conventional chemotherapeutics for 

achieving better treatment outcome of patients diagnosed with pancreatic cancer. The results 

from these clinical trials will reveal the true value of these nutraceuticals in the treatment of 

pancreatic cancer.

CONCLUSIONS AND PERSPECTIVES

Epidemiological studies have shown the beneficial effects of some nutrients in foods on the 

inhibition of pancreatic carcinogenesis. Moreover, experimental studies have demonstrated 

that nutraceuticals inhibit the development and progression of pancreatic cancer through the 

regulation of several important cellular signaling pathways such as EGFR, COX-2, Akt, NF-

κB, etc, which are aberrantly activated in pancreatic cancer. Importantly, nutraceuticals also 

up-regulate the expression of tumor suppressive miRNAs such as let-7 and miR-200 

families, and down-regulate the expression of oncogenic miRNAs such as miR-21 and 

miR-221, leading to the inhibition of pancreatic cancer cell growth and pancreatic CSC self-
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renewal capacity through deregulation of cellular signaling networks. Furthermore, 

nutraceuticals also regulate epigenetic events through deregulation of coding genes and 

miRNAs, leading to the normalization of altered cellular signaling in pancreatic cancer cells. 

Therefore, nutraceuticals could become promising agents for the prevention of pancreatic 

cancer. More importantly, nutraceuticals could be useful as adjuncts to conventional therapy 

for achieving better treatment outcomes in patients diagnosed with pancreatic cancer. 

However, more in vitro mechanistic experiments, in vivo animal studies, and innovative 

clinical trials are warranted to fulfill the promise regarding the beneficial effects of 

nutraceuticals for the prevention and/or treatment of pancreatic cancer.

It is also important to note that pancreatic stellate cells and the microenvironment of 

pancreatic cancer have received much attention in the area of pancreatic cancer research in 

recent years. The tumor microenvironment could influence the drug sensitivity of pancreatic 

cancer cells while pancreatic stellate cells could stimulate pancreatic cancer cell invasion, 

metastasis, and resistance to conventional chemotherapy. The pancreatic stellate cells and 

tumor microenvironment in pancreatic cancer could be altered by miRNAs and epigenetic 

regulation. Therefore, further investigation to dissect the molecular effects of nutraceuticals 

on the miRNAs, and thus epigenetically regulated pancreatic stellate cell function and tumor 

microenvironment could open a new avenue towards the development of better treatment 

strategies for pancreatic cancer with nutraceuticals and chemotherapeutics using novel 

rational design and targeted therapies.
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Figure 1. 
The effects of nutraceuticals on the development and progression of pancreatic cancer 

though the regulation of miRNA and epigenome mediated cellular signaling network.
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Figure 2. 
The effects of nutraceuticals on the AMPK-mTOR and IGF signaling.
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