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Abstract: The step-wise development of colorectal neoplasia from adenoma to carcinoma 

suggests that specific interventions could delay or prevent the development of invasive 

cancer. Several key factors involved in colorectal cancer pathogenesis have already  

been identified including cyclooxygenase 2 (COX-2), nuclear factor kappa B (NF-κB),  

survivin and insulin-like growth factor-I (IGF-I). Clinical trials of COX-2 inhibitors have 

provided the “proof of principle” that inhibition of this enzyme can prevent the formation 

of colonic adenomas and potentially carcinomas, however concerns regarding the potential 

toxicity of these drugs have limited their use as a chemopreventative strategy. Curcumin, 

resveratrol and quercetin are chemopreventive agents that are able to suppress multiple 

signaling pathways involved in carcinogenesis and hence are attractive candidates for 

further research. 
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1. Introduction 

Colorectal cancer (CRC) is the third most diagnosed cancer in males and the second in females [1]. 

Although standard clinical practice necessitates screening and surveillance in the early detection of 

colorectal cancers, adherence to these guidelines is still low and colorectal cancer remains a lethal 

disease afflicting the lives of over half a million people annually [1]. Both dietary and lifestyle factors 

place patients at an increased risk of developing colorectal cancer. Limiting intake of processed meat 
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and red meat by replacing them with poultry or fish as alternative protein sources and avoiding  

high-temperature cooking of meats is a reasonable strategy in decreasing risk of CRC [2–4]. 

Concerning lifestyle factors, there is compelling evidence that restricting smoking [5] and heavy 

alcohol consumption [6,7] as well as preventing weight gain [8] and being physically active [9,10] can 

have a positive influence on CRC risk. 

With the limitation of population-based prevention strategies, chemoprevention by use of natural  

or chemical compounds that have potential to delay, prevent or reverse the development of CRC  

is a viable option. Among gastrointestinal cancers, esophageal and CRC are good candidates for 

chemoprevention due to the long precancerous stage that provides individuals with an opportunity to 

interfere before adenomas develop into cancers. In CRCs, individuals that are of particular interest are 

those with a hereditary predisposition to colorectal neoplasia such as those with familial adenomatous 

polyposis (FAP) or Lynch syndrome and other individuals exhibiting the aforementioned risk factors. 

Evidence suggests a possible role of the following agents in the development of colon cancer: 

Cyclooxygenase 2 (COX-2), nuclear factor kappa B (NF-κB), survivin and insulin-like growth factor-I 

(IGF-I). Recently, new compounds were identified that have a potential role in inhibiting one or more 

of these molecular agents. In this review, we provide a general overview of these molecular agents, 

and discuss their mechanism of action, factors that trigger their induction and potential inhibitors of 

these agents. 

2. Molecular Targets for Prevention of Colorectal Tumorigenesis 

2.1. COX-2 

Three COX enzyme isoforms have been identified until now: COX-1 enzymes are expressed in 

normal tissue and are involved in tissue homeostasis; COX-2 enzymes are over-expressed in cases of 

inflammation and colorectal neoplasms; and COX-3 enzymes are variant forms of COX-1 [11].  

COX-2 has been shown to play a role in the progression of tumorigenesis. This is supported by several 

studies that show an elevated level of COX-2 enzymes in premalignant and malignant tissue and  

this increase was accompanied by a decrease in the survival of cancer patients [12]. Around 40% of 

colorectal adenomas and 85% of CRCs are associated with an over-expression of COX-2 rendering 

this enzyme an attractive therapeutic target for chemoprevention [13]. COX-1 and COX-2 catalyze  

the rate-limiting step in the metabolic conversion of arachidonic acid (AA) to prostaglandins (PGs).  

PGs are involved in a variety of pathologic processes. Specifically, prostaglandin E2 (PGE2) has been 

shown to mediate the pro-inflammatory and tumor-promoting effects of COX-2 in CRC. The 

suppressor 15-prostaglandin dehydrogenase (15-PGDH) catalyzes the degradation of PGE2 and is 

down-regulated in colorectal tumorigenesis by β-catenin [14]. The actions of PGE2 are mediated by 

signaling through four distinct G-protein-coupled receptors EP1, EP2, EP3, and EP4. In cancer tissue, 

EP1 and EP2 mRNA expression is increased compared to normal mucosa. EP4 mRNA expression is 

constantly expressed in normal mucosa and cancers while the expression of EP3 mRNA is markedly 

decreased in colon cancer tissues. EP3 plays an important role in suppressing cell growth while  

its downregulation enhances colon carcinogenesis [15]. Recently, it was found that downregulation of 

the EP1 receptor leads to reduced Fas ligand expression which is associated with tumor growth and 
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decreased tumor-induced immune suppression [16]. Through the EP2 receptor, PGE2 stimulates a dual 

signaling cascade involving activation of phosphatidylinositol 3-kinase (PI3K) and protein kinase 

AKT, which in turn activate the transcriptional activity of the peroxisome-proliferator-activated 

receptor-δ (PPAR-δ) [17]. Also, EP2 up-regulates the transcriptional activity of β-catenin and the 

activation of the P13K/AKT pathway leads to the accumulation of unphosphorylated β-catenin in  

the cytoplasm [18]. β-catenin then enters the nucleus whereby it activates T cell factor 4 (TCF-4)  

and hypoxia inducible factor-1 (HIF-1) genes that stimulate cell survival, proliferation and 

angiogenesis [18]. Stimulation of EP4 by PGE2 on the other hand triggers phosphorylation of the 

epidermal growth factor receptor (EGFR) thereby activating the P13K/AKT pathway and the  

RAS-mitogen-activated protein kinase (MAPK) cascade [19]. Activation of these signaling pathways 

promote the expression of several genes: the angiogenic vascular endothelial growth factor receptor 

(VEGFR), the anti-apoptotic factor B-cell lymphoma 2 (Bcl-2) and the proliferation-promoting factor 

cyclin D1 [20,21]. The end result is increased proliferation, migration, invasion, angiogenesis and 

decreased apoptosis. These findings show that an elevated level of COX-2 promotes pathogenesis and 

thus inhibiting this enzyme through chemoprevention could hinder the development and progression  

of CRC. 

Inflammatory conditions provoked by a wide range of stimuli such as pathogens, nitric oxide, 

cytokine, some PGs, growth factors, stress factors and oncogenes could be involved in the intracellular 

activation of downstream COX-2 transcriptional pathways [22]. Transcriptional regulation of COX-2 

gene expression can be induced by various signaling pathways. The COX-2 promoter region consists 

of a number of sequences that specifically bind to several transcriptional factor complexes, such as 

NF-κB [23–25], CCAAT/enhancer-binding protein (C/EBP) [26,27], β-catenin/ T cell factor  

(TCF) [28–30], cAMP response element-binding protein (CREB) [27,31], nuclear factor of activated 

T-cells (NFAT) [32], activator protein 1 (AP-1) [33,34], PPAR [35] and HIFα [36,37]; activation of 

these complexes concomitantly leads to the up-regulation of COX-2 gene expression. 

Following its transcription, COX-2 mRNA is trafficked into the cytoplasm where it is tightly 

regulated by RNA-binding proteins that promote mRNA stability, mRNA decay or translational 

inhibition. These RNA-binding proteins attach themselves to the AU-rich element of COX-2 mRNA 

where they promote their effects. The human antigen R (HuR) has been shown to positively mediate 

COX-2 expression in colon cancer cell lines [38] and to promote stabilization of COX-2 mRNA by 

protecting the poly(A) tail from degradation. In normal tissue, HuR is expressed at low levels and is 

localized to the nucleus, whereas in colon adenomas, adenocarcinomas and metastases, HuR is  

over-expressed and localized in the cytoplasm. This over-expression of HuR was coupled with an 

over-expression of COX-2 [39] and has been correlated with advancing stages of malignancy and poor 

clinical outcome [40]. This encouraged considering HuR over-expression as a general biomarker of 

carcinogenesis and supports the targeting of HuR as an attractive potential strategy in future therapies. 

CUGBP2 (CUG triplet repeat-binding protein 2) is another RNA-binding protein that stabilizes and 

increases the half-life of COX-2 transcripts [41]. CUGBP2 expression has been shown to be elevated 

during stress particularly radiation induced stress and has high affinity to COX-2 ARE leading to 

stabilization of COX-2 expression [41]. In normal intestinal epithelium, the COX-2 mRNA is targeted 

for rapid decay whereas in tumors ARE-mediated decay is compromised. TTP (tristetraprolin) opposes 

the action of HuR by promoting rapid decay of ARE-containing mRNAS by associating the mRNA 
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transcript with various decay enzymes. Expression of TTP is downregulated in colon cancer whereas 

its delivery to colon cancer sites resulted in the down-regulation of COX-2 expression and subsequent 

reduction in cell growth and proliferation [39]. Hence, the presence of TTP serves as a protective 

strategy to control various inflammatory mediators such as COX-2, and since HuR and TTP bind  

a sequence region of multiple AREs that partially overlap, the down-regulation of TTP enhances  

HuR and results in stabilization of the transcript [42]. TIA-1 (T-Cell intracellular antigen) is an  

RNA-binding protein that regulates the expression of COX-2 through translational inhibition without 

influencing COX-2 mRNA turnover [43]. Deficiency of TIA-1 in cancer cells is associated with 

elevated levels of tumor necrosis factor-α (TNF-α) and COX-2 [43,44]. Although it is a transcriptional 

promoting protein, CUGBP2 is an inhibitor of COX-2 mRNA translation. RBM3 (RNA-binding  

motif protein 3), on the other hand, promotes the translation of COX-2 and is up-regulated in CRC 

tumors [45]. In addition, RBM3 was shown to interact with HuR and thus enhance further stability to 

the transcripts [46]. 

2.2. NF-κB 

Elevated COX-2 expression in malignant tissues is associated with an elevated level of NF-κB  

that enhances the expression of the COX-2 gene. NF-κB in the blood stream is usually bound to the 

inhibitory protein IκB which renders it inactive. However, during an inflammatory response, the IκB 

kinase phosphorylates the IκB protein thus releasing NF-κB. NF-κB activation then leads other 

inflammatory cytokines such as TNF-α and interleukin 1 (IL-1) to bind to their receptors and become 

activated [47,48]. Also activation of NF-κB leads to the subsequent activation of IL-2 which can 

activate Janus kinase 3 (Jak3) by autophosphorylation [49]. Jak3 in turn functions as an upstream 

kinase that activates a signal transducer and activator of transcription 3 (Stat3). Over-expression and 

aberrant expression of Jak3/Stat3 have been observed in human colon cancer in vivo and in vitro and 

have been shown to prevent apoptosis in the tumor, leading to poor prognosis [50,51]. 

2.3. Survivin 

The ability to avoid apoptosis is one of the major oncogenic switches leading to  

carcinogenesis [52]. Survivin belongs to the gene family of inhibitors of apoptosis proteins (IAP). It is 

a bifunctional regulator of mitosis and inhibitor of programmed cell death. Survivin prevents apoptosis 

by inhibition of caspase 3 and caspase 7, and by regulating the G2 and M phases of the cell cycle [53]. 

These caspases are required for the cleavage of certain proteins involved in the disassembly of the  

cell during apoptosis [54,55]. Heat shock protein 90 (Hsp90) is a molecular chaperone that assists the 

correct folding and stabilization of various proteins in cells. Hsp90 binds and stabilizes survivin [56]. 

Over-expression of survivin has been associated with increased drug resistance. Survivin expression is 

modulated via several prominent cell signalling pathways and oncogenic signalling pathways. EGFR is 

known to up-regulate PI3K and extracellular signal-regulated protein kinase (ERK) signalling thus 

leading to increased expression of HIF1-α. HIF1-α is an important transcriptional regulator of survivin 

expression and the inhibition of HIF1-α by RNA interference leads to decreased expression of survivin 

and consequent apoptosis of the SW480 cell line [57]. In the mitochondria apoptotic pathway, P53 is a 

tumor suppressor gene and one of the regulators of cell cycle control and apoptosis [58]. Its expression 
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is down regulated by survivin and Bcl-2 [59]. Bcl-2 primarily mediates its antiapoptotic function  

by regulating cytochrome c release from mitochondria. Cytochrome c leads to activation of caspase 9 

which then triggers a cascade of caspases (caspase 3, caspase 6 and caspase 7) [60]. The transcription 

factor p53 is mutated in most human cancers and it targets pro-apoptotic members of the Bcl-2 family. 

Thus, any impairment of p53 function leads to deregulation of apoptosis signaling pathways and 

increases tumorigenesis. 

2.4. IGF-I 

Insulin growth factor receptor 1 (IGF-R1) plays an important role in normal cell growth and 

differentiation. The two ligands IGF-1 and IGF-2 are able to bind and catalyze activity of IGF-R1 and 

both ligands have been shown to be up-regulated in cancer. IGF-1 and IGF-2 bioavailability is 

modulated by a family of insulin-like growth factor binding proteins (IGBPs) however IGF-2 is  

also controlled by the IGF-R2 [61]. The binding of IGF-2 to the IGF-R2 results in internalization and 

degradation of IGF-2. Binding of IGF-1 or IGF-2 to the IGF-R1 results in autophospholylation of  

IGF-R1 and results in the recruitment and phosphorylation of insulin receptor substrate-1 (IRS-1), 

IRS-2 and src-homology/collagen (Shc), all of which are known to be involved in oncogenic  

processes [61]. Phosphorylation of IRS-1 and IRS-2 results in activation of PI3K that subsequently 

activates the AKT pathway leading to activation of Bcl-2 and inhibition of p27 and BAD [62,63]. Shc 

binding to IGF-R1, on the other hand, leads to activation of the RAS/MAPK pathway [64]. Thus an 

increase of IGF-1 bioactivity has mitogenic and antiapoptotic actions on CRC cells. Insulin resistance 

and hyperinsulinemia lead to increased concentration of IGFs, activation of IGF receptors, activation 

of PI3K and Ras-Raf pathways and result in increased cell division. 

3. Chemical Compounds with Chemopreventive Potential 

3.1. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) 

NSAIDs inhibit COX enzymes and subsequent PGE2 formation and action thus resulting in  

anti-inflammatory and anti-tumor activities. Besides inhibition of the COX enzymes, NSAIDs have 

been shown to stimulate 15-PGDH expression [65] and stimulate NSAID-activated gene (NAG-1) 

expression [66]. NAG-1 is a member of the transforming growth factor β (TGF-β) superfamily  

and its expression is reduced by PGE2 and induced by celecoxib and sulindac. Interestingly, high 

expression of COX-2 in human colorectal tumor tissue was related to low expression of NAG-1, 

suggesting a reciprocal relationship between COX-2 and NAG-1. Moreover, NSAIDs inhibit the 

PPAR-δ gene which is normally regulated by Adenomatous Polyposis Coli (APC) [67] and inhibit  

NF-κB and Jak3/Stat3 signaling and down-regulate proinflammatory cytokines to a level that inhibits 

inflammation and carcinogenesis [68]. 

Clinical Effects of NSAIDs on CRC 

The Adenomatous Polyp PRevention on Vioxx (APPROVe) trial is a randomized controlled trial 

that assessed the clinical efficacy of refecoxib (a COX-2 inhibitor) on 2587 patients with a history  

of colorectal adenoma. Patients were randomized to receive 25 mg of refecoxib or placebo. Results 
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showed that refecoxib use was associated with fewer adenoma recurrence (p < 0.001) and decreased 

risk of advanced adenomas (p < 0.01) [69]. However, refecoxib was associated with significant upper 

gastrointestinal events and serious thrombotic events that resulted in its removal from the market. In 

the Prevention of Colorectal Sporadic Adenomatous Polyps (PreSAP), investigators assessed the effect 

of another COX-2 inhibitor, celecoxib. The trial randomly assigned 1561 patients with previous history 

of adenomas to receive 400 mg of celecoxib or placebo. Results revealed that celecoxib was successful 

in decreasing the rate of adenomas (33.6% versus 49.6%, p < 0.001) and the rate of advanced 

adenomas (5.3% versus 10.4%, p < 0.001) [70]. Risk of serious cardiovascular events was 2.5% in the 

celecoxib group versus 1.9% in the placebo group. In the Adenoma Prevention with Celecoxib (APC) 

trial, patients with previous adenomas were assigned to 200 mg of celecoxib twice daily, 400 mg of 

celecoxib twice daily or to placebo. Results showed that the risk of adenomas was significantly 

reduced with the use of celecoxib (43.2% in the 200 mg group, 37.5% in the 400 mg group and 60.7% 

in placebo group). Celecoxib use was associated with serious adverse events related to cardiac toxicity 

particularly in patients with previous history of cardiovascular disease [71]. Due to their cardiovascular 

toxicity, COX-2 inhibitors are not recommended as chemopreventive agents even though they  

have been proven to decrease the risk of adenomas. Only celecoxib use in FAP patients has been 

approved as a chemopreventive agent because the benefits accrued with celecoxib use outweigh the 

risks involved. 

3.2. Aspirin 

Aspirin has a short half life of 15–20 min in the human circulation and is a 50 to 100 times a potent 

inhibitor of COX-1 than COX-2. Aspirin targets a-nucleated platelets inducing a permanent defect  

in thromboxane A2 (TXA2) dependent platelet function at low doses (<75 mg/day). Thus to  

inhibit COX-2, high doses of aspirin are required because of the decreased sensitivity of COX-2 to  

aspirin [72]. Recently, aspirin has been shown to markedly inhibit thromboxane-dependent 

sphingosine-1-phosphate (S-1P) release from human platelets at antiplatelet doses of 100 mg/day [73]. 

It was shown that about 89% of human colon cancer samples stained positively for sphingosine  

kinase 1, the enzyme that catalyzes the formation of the biologically active lipid S-1P [74]. S-1P 

promotes tumor growth, neovascularization and inflammation thus giving a potential explanation to  

the neoplastic effects of aspirin seen at lower anti-platelet doses [75]. Aspirin additionally acetylates 

COX-2 switching COX-2 from synthesizing prostaglandins to antitumorigenic 15- epi-lipoxin-A4 

(LXA4) or “aspirin-triggered lipoxin” (ATL) which is also seen with the use of low doses of aspirin. 

ATL not only acts anti-inflammatory but also inhibits proliferation of carcinoma cells [76]. To study 

the anti-inflammatory effect of low dose aspirin, blisters were elicited on the forearms of healthy  

male volunteers. Aspirin at 75 mg/day for ten days not only reduced PGE2 formation and white cell 

accumulation in inflamed tissue but also significantly increased local lipoxin production [77].  

Aspirin also targets COX-2 independent pathways which involve inhibition of NF-κB [78,79], and  

β-catenin [80] while enhancing the expression of caspases 8 and 9 [81,82] and 5’ adenosine 

monophosphate-activated protein kinase (AMPK) [83] (Figure 1). 
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Figure 1. Mechanism of action of chemical compounds aspirin, metformin and NSAID 

(shown in green, dark blue and blue, respectively) and natural compounds curcumin, 

quercetin and resveratrol (shown in yellow, purple and red, respectively) in targeting 

pathways involved in colorectal carcinogenesis.  

 
COX-2: cyclooxygenase 2; AA: arachidonic acid; PGE2: prostaglandin E2; PGH2: prostaglandin H2; 

15-PGDH: 15-prostaglandin dehydrogenase; P13K: phosphatidylinositol 3-kinase; TCF-4: T-cell 

factor 4; HIF-1: hypoxia inducible factor 1; MAPK: mitogen-activated protein kinase; BAX: Bcl-2 

associated X protein; Bcl-2: B-cell lymphoma 2; TCF: T cell factor; Jak3: Janus kinase 3; stat3: 

signal transducer and activator of transcription 3; EGFR: epidermal growth factor receptor kinase; 

TNF-α: tissue necrosis factor α; ERK: extracellular signal-regulated protein kinase; IRS: insulin 

receptor substrate; Shc: Src-homology/collagen; TGF-β: transforming growth factor β; AMPK: 

adenosine monophosphate-activated protein kinase; mTOR: mammalian target of rapamycin; IL-1: 

interleukin 1; IKK: IKB kinase; IKB: inhibitor of NF-κB ; cytC: cytochrome C. 

Clinical Effects of Aspirin on CRC 

The effect of aspirin on high risk populations was evaluated in 2 randomized clinical trials. In the 

Colorectal Adenoma/carcinoma Prevention Programme (CAPP) 1 trial, aspirin at 600 mg/day with or 

without resistant starch (30 g/day) was administered to 206 patients with FAP. The primary endpoint 

was polyp number in the rectum and sigmoid colon. Results showed that neither intervention 

significantly decreased the polyp number; however, there was a trend in decreased size of the largest 
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polyp particularly with aspirin use for a period of more than 1 year (p = 0.02) [84]. Results from 

another recent double-blind, randomized clinical trial of 34 patients with FAP revealed that low dose 

aspirin (100 mg/day) for a period of 6–10 months resulted in a decrease in the polyp size when 

compared to placebo; however, the difference did not reach statistical significance. Further subgroup 

analysis revealed that number of subjects whose mean baseline polyp diameter was reduced to less 

than 2 mm was significantly higher in the aspirin group (5 subjects from aspirin group versus none 

from placebo group) [85]. In the CAPP 2 trial, aspirin at 600 mg/day and resistant starch at 30 g/day 

were administered to 937 patients with Lynch syndrome. In patients receiving aspirin versus placebo, 

there was no significant difference in development of advanced neoplasia between the two groups 

(7.4% versus 9.9%, p = 0.33) [86]. A similar result was seen in those receiving resistant starch versus 

placebo. At a median follow-up of 55.7 months, 18 patients randomly assigned to aspirin developed 

CRC while 30 patients assigned to resistant starch developed CRC. Aspirin at 600 mg/day for a period 

of 25 months is associated with a significant decrease in cancer incidence compared to placebo  

(p = 0.02) [87]. 

In patients with a recent history of histologically documented adenomas, the Aspirin Folate  

Polyp Prevention Study (AFFPS) involved 1121 randomly assigned to 325 mg aspirin/day or 81 mg 

aspirin/day or placebo. The incidence of one or more adenoma was 47%, 38% and 45% in the placebo, 

81 mg/day group and 325 mg/day group, respectively (p = 0.04). After a follow up of 3 years, aspirin 

compared to placebo yielded a risk ratio of 0.88 for any adenoma and a risk ratio of 0.71 for advanced 

adenoma [88]. In the Association pour la Prévention parl’Aspirine du Cancer Colorectal (APACC), 

272 patients with a history of colorectal adenomas were given 160 mg or 320 mg aspirin daily or 

placebo. After a follow up of 4 years, the incidence of at least one adenoma was seen in 30% in the 

aspirin group versus 41% in the placebo (p = 0.08). Adenomas of >5 mm diameter were seen in 10% 

of patients on aspirin compared to 23% of patients in the placebo group (p = 0.01) [89]. The Cancer 

and Leukemia Group B (CALGB) assessed the effect of daily aspirin 300 mg versus placebo in 

patients with previous history of CRC. After a follow up of 12.8 months, patients in the aspirin group 

that had at least one adenoma were 17% versus 27% in the placebo group (p = 0.004). The adjusted 

relative risk for adenoma recurrence in the aspirin group compared to placebo was 0.65 and the time to 

detect the first adenoma was significantly longer in the aspirin group (p = 0.022) [90]. In the United 

Kingdom Colorectal Adenoma Prevention (ukCAP) trial, 945 patients with a previous history of 

colorectal adenoma were randomized to receive 300 mg/day of aspirin or 0.5 mg of folate/day. Results 

revealed that 22.8% of patients receiving aspirin had recurrent adenoma compared to 28.9% in the 

placebo group and 9.4% in the aspirin group developed advanced adenoma compared to 15% in the 

placebo group. Folate, on the other hand, did not have an effect on adenoma recurrence [91]. A meta 

analysis of all 4 trials revealed that aspirin use at any dose was associated with a 6.7% reduction in 

absolute risk of adenoma and is effective in the prevention of CRC in patients with a previous history 

of colorectal adenomas [92]. 

A pooled analysis of 14,033 patient data from 5 randomized trials revealed that aspirin decreased 

the 20-year risk of developing colon cancer by 34% (p = 0.02) but not rectal cancer. Also, aspirin was 

capable of decreasing the risk in the proximal colon not the distal colon and doses of aspirin higher 

than 75 mg did not add any additional benefit [93]. Recently, an extended analysis of 51 randomized 

trials by the same group revealed that aspirin reduced the risk of cancer deaths by 15% and the risk of 



Int. J. Mol. Sci. 2013, 14 17287 

 

 

non-vascular deaths by 13% [94]. Those results were seen after 3 years of using doses of >300 mg of 

aspirin and after 5 years with doses <300 mg. However, it must be noted that these results are effective 

in tumors expressing COX-2, for tumors in the right colon and in patients taking aspirin for a duration 

exceeding 10 years [93,95]. 

3.3. Metformin 

Obesity is a pro-inflammatory state characterized by elevated cytokines and has been shown to be 

involved with higher levels of COX-2 expression when compared to people with a normal body  

mass index [96]. Obesity is also associated with insulin resistance and hyperinsulinemia which are 

associated with colon cancer pathogenesis [97]. Specifically, insulin is capable of elevating levels of 

IGF-1 either directly or by decreasing the IGF binding proteins thus resulting in free IGF-1 levels. 

IGF-1 then binds to its receptor where it activates downstream signaling pathways that are involved  

in CRC. C-peptide is a marker of insulin secretion which has been shown to be elevated in CRC in 

multiple studies and has been associated with increased risk of CRC [98,99]. Metformin is an  

anti-diabetic drug which has been shown to decrease the risk of colon cancer by targeting one of  

IGF-1s downstream pathways. Its role in inhibiting tumorigenesis is related to increased expression of 

AMPK that subsequently inhibits the action of mammalian target of rapamycin (mTOR) thereby 

inhibiting tumor growth and proliferation (Figure 1) [100]. Also, metformin could downregulate the 

levels of circulating insulin thus decreasing its effect on elevation of IGF-1 levels. 

Clinical Effects of Metformin on CRC 

A meta-analysis of 5 observational trials that included 108,161 patients with diabetes revealed that 

metformin significantly reduced the risk of colorectal neoplasms (p < 0.001) and the risk of CRC  

(p = 0.002) [101]. Further investigation from a short clinical trial studied the effect of metformin on 

rectal aberrant crypt foci (ACF), an endoscopic surrogate marker of CRC. Twenty-six non-diabetic 

subjects with ACF were randomized to receive metformin (n = 12) at a dose of 250 mg/day or no 

treatment (n = 14). After 1 month, metformin significantly reduced the mean number of ACF  

per patient (p = 0.007) [102]. This trial provides preliminary evidence of the chemopreventive role of 

the diabetic drug metformin. Further clinical trials are ongoing to determine its effect on colorectal 

polyps [103]. 

4. Natural Compounds with Chemopreventive Potential 

4.1. Curcumin 

Curcumin is a phytochemical derived from the spice turmeric and has a potential in decreasing 

inflammation and inhibiting the growth of neoplastic cells through cell cycle arrest and promoting 

apoptosis by activating the mitochondria-mediated pathway. Curcumin has many potential targets 

(Figure 1). Both survivin and IGF-1 play important roles in inhibiting the mitochondria-mediated 

pathway that results in inhibition of apoptosis and prolonged survival of colon cancer cells. Curcumin 

counteracts this phenomenon by activating the expression of p53 and reducing TNF-α levels thus 

resulting in apoptotic signal activation [104]. It also decreases mitochondrial membrane potential and 
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activates caspases 3 and 9 thus inducing apoptosis through the mitochondria pathway [105]. Curcumin 

decreases the translocation of β-catenin to cytoplasm and/or nucleus. Also, it induces mitotic arrest at 

the G2/M stages of cell cycle characterized by spindle abnormalities, defects in chromosomes and 

DNA damage [106]. Moreover, curcumin has a role in anti-inflammation where it targets and inhibits 

COX-2 gene expression, nitric oxide synthase, NF-κB and PGE2 [107–110]. It also inhibits colon 

cancer cell growth through suppressing gene expression of EGFR by reducing the activity of 

transcription factor Egr-1 and modulates Akt/mTOR signaling [111,112]. Thus, curcumin is an 

attractive chemopreventive natural agent with multiple targets and no reported toxic or adverse events. 

In one pharmacodynamic and pharmacokinetic study of oral Curcuma extract, 15 patients with 

advanced CRC for whom no further treatment was available were given Curcuma extract at doses 

between 440 and 2200 mg/day. Curcuma extract containing 36–180 mg of curcumin was given for  

4 months. The dose was well tolerated with no toxicity observed. Ingestion of 440 mg for 29 days was 

associated with a 59% decrease in lymphocytic glutathione S-transferase activity. This effect was not 

seen at higher doses. Five patients demonstrated radiologically stable disease for 2–4 months. Despite 

the results of this study, it is difficult to come up with a conclusion to whether curcumin at this dose is 

an effective chemopreventive agent in CRC due to the small number of subjects [113]. In another dose 

escalation study, daily curcumin was administered at doses of 0.45–3.6 g for a period of 4 months  

to 15 CRC patients refractory to standard chemotherapies. A daily dose of 3.6 g of curcumin  

was associated with a 62% and 57% decrease in inducible PGE2 on days 1 and 29, respectively  

(p < 0.05) [114]. In another study, curcumin capsules were given to patients with CRC at 3 doses 

(3600, 1800 and 450 mg) daily for 7 days. Trace levels of curcumin were found outside the circulation. 

Levels of M1G, a marker of DNA adduct formation, were significantly decreased with the curcumin 

dose of 3600 mg. The study concluded that curcumin at daily doses of 3.6 g is pharmacologically 

efficacious [115]. In a phase IIa clinical trial, curcumin at a dose of 2 g or 4 g was administered over  

a 30-day period to 44 eligible smokers with 8 or more ACF. Results showed that curcumin at a dose of 

4 g significantly reduced the ACF number by 40% (p < 0.005) whereas the ACF number was not 

reduced by the 2 g dose [116]. Recently, curcumin was administered to 126 patients with CRC  

after diagnosis and before undergoing surgery. Patients either received 360 mg of curcumin 3 times 

daily or placebo 3 times daily. Results showed that curcumin treatment was associated with increased 

body weight, decreased serum TNF-α levels, enhanced p53 expression and modulated tumor cell 

apoptosis [104]. Other ongoing clinical trials of curcumin are listed in Table 1. 

Major research with regards to curcumin has been targeted at improving its bioavailability. Poor 

bioavailability has been attributed to reduced absorption and rapid metabolism and elimination [117]. 

Low levels of serum and plasma curcumin levels have been reported. In one human clinical trial, 3.6 g 

of curcumin orally produced plasma curcumin levels of 11.1 nmol/L after 1 h of dosing [114]. 10 or  

12 g/mL of curcumin administered orally showed curcumin levels in serum to be around 50 ng/mL; 

however, this resulted in minimum availability of curcumin in blood circulation to achieve its 

therapeutic effects [118]. In one recent clinical pilot study, curcumin C3 complex (2.35 g) was 

administered to 24 patients once daily for 14 days before endoscopic biopsy or colonic resection. 

Curcumin was detectable in the gastrointestinal tract of all patients recruited and levels of the parent 

compound in colonic tissue were 48.4 ± 20.9 μg/g without prior washing. Pharmacologically active 

levels of curcumin were recovered from the bowel mucosa even after multiple tissue washes, and there 
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was no systemic curcumin accumulation [119]. Some of the possible ways to overcome the issue of 

bioavailability is through the use of piperine or through delivery of active curcumin to tumors through 

the use of nanoparticles, liposomes, micelles, phospholipid complexes and other formulations [120]. 

Table 1. Current clinical trials of curcumin and resveratrol.  

Title Design/phase Intervention Primary endpoint Identifier 

Study Investigating the 

Ability of Plant 

Exosomes to Deliver 

Curcumin to Normal and 

Colon Cancer Tissue 

Phase I 

Arm 1: curcumin alone  

Arm 2: curcumin with 

plant exosomes 

Arm 3: no treatment 

To estimate the effect of a fixed 

concentration of curcumin when 

delivered by plant exosomes 

compared to oral tablets of 

curcumin alone 

NCT01294072 

Phase II A Trial of 

Curcumin Among 

Patients With Prevalent 

Subclinical Neoplastic 

Lesions (Aberrant Crypt 

Foci) 

Phase II 

Patients receive 1 of  

2 doses of oral 

curcumin once daily 

To determine mean percentage 

change from baseline in 

prostaglandin E2 (PGE2) within 

ACF pre and post 30 days of 

curcumin administration at a  

specified dose 

NCT00365209 

Curcumin for the 

Chemoprevention of 

Colorectal Cancer 

Phase II 
4 g curcumin daily for 

4 months or placebo 

Cellular proliferation and 

apoptosis in the colonic  

mucosa and COX-2  

expression and activity 

NCT00118989 

Use of Curcumin for 

Treatment of Intestinal 

Adenomas in Familial 

Adenomatous Polyposis 

(FAP) 

Randomized 

double blind 

placebo 

controlled trial 

Curcumin 2 pills twice 

per day or placebo  

2 pills twice per day for 

12 months 

To determine the tolerability and 

efficacy of curcumin to regress 

intestinal adenomas  

by measuring duodenal and 

colorectal/ileal polyp number, 

and polyp size in patients  

with FAP 

NCT00927485 

Curcumin in Treating 

Patients With Familial 

Adenomatous Polyposis 

Randomized 

double blind 

placebo 

controlled trial 

Curcumin 2 pills per 

day or placebo 2 pills 

per day for 12 months 

To determine the tolerability and 

efficacy of curcumin to regress 

intestinal adenomas by measuring 

duodenal and colorectal/ileal 

polyp number, and polyp size in 

FAP patients 

NCT00641147 

Curcumin Biomarkers Phase I 
4 g curcumin C3 tablets 

daily for 30 days 

To identify genes that are 

modified by curcumin that could 

be used as biomarkers in future 

chemoprevention studies. The 

study will also evaluate 

tolerability and toxicity 

NCT01333917 

Resveratrol in Treating 

Patients With Colorectal 

Cancer That Can Be 

Removed By Surgery 

Phase I 

Patients with colorectal 

adenocarcinomas 

receive resveratrol for 

days 1 to 8 and on day 

9 undergo colorectomy. 

Tumor biopsy will be 

retrieved 

To study the side effects and best 

dose of resveratrol in treating 

patients with  

colorectal cancer that can  

be removed by surgery 

NCT00433576 
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4.2. Resveratrol 

Resveratrol is a polyphenol derived from grapes, berries and other plant sources. It is a natural 

compound that aids in suppressing the risk of obesity induced cancer. It does so through the 

suppression of IGF-R1 protein levels and consequently attenuates the AKT/wingless (wnt) signaling 

pathways (Figure 1). Another mechanism by which resveratrol results in decreased wnt signaling is 

through disruption of β-catenin and TCF binding and down regulating HIF-1α levels [121,122]. 

Resveratrol induced apoptosis of human colon cancer cells by enhancing the activation of tumor 

suppressor p53 that ultimately leads to activation of apoptosis [123]. It also activates caspases 3 and 8 

and increases the BAX/Bcl-2 ratio. However the authors suggest that the cytotoxic effects of 

resveratrol are enhanced through calorie restriction [124]. The process by which resveratrol enhances 

the cleavage of caspases 3 and 8 is through reactive oxygen species [125]. Resveratrol has a role in 

suppressing inflammatory responses through decreasing nitric oxide levels and inhibiting the 

phosphorylation of the IKB complex thus interfering with the activation of NF-κB dependent 

mechanisms [126]. 

Preclinical trials have shown that resveratrol is efficacious in targeting pathways involved in 

colorectal carcinogenesis. Major clinical pilot studies thereafter have been exclusively aimed at 

defining the pharmacokinetics and metabolism of resveratrol since doses employed in rodent models 

have been much higher than doses which can be ingested with diet. In a pilot study, resveratrol at 

repeated daily doses of up to 5 g for a period of 29 days revealed that it is safe, only reversible diarrhea 

was seen in some patients at the 2.5 g and 5 g doses [127]. In a clinical trial of 20 patients with CRC, 

resveratrol was given at 0.5 g of 1.0 g doses orally for 8 days prior to surgery. Resveratrol was well 

tolerated. Resveratrol and its metabolites were detected in CRC resection tissue. The results revealed 

that resveratrol at doses of 0.5 g or 1.0 g reduced tumor cell proliferation by 5% (p = 0.005) and are 

enough to induce anticarcinogenic effects in colon tumors [128]. Resveratrol as a single agent at a dose 

of 5 g generated peak plasma concentrations of 2.4 nmol/mL [129], a level (about 10 nmol/mL) below 

that needed for resveratrol to elicit its chemopreventive effects in cells in vitro [130]. Moreover, levels 

of metabolic resveratrol conjugates exceeded the parent agent by about 6-fold [129]. Hence, the 

bioavailability of resveratrol as a single agent or as part of a dietary mixture has been the focus of 

many clinical studies. In a recent study evaluating colorectal tissue concentrations of resveratrol in 

patients with colorectal cancer prior to surgery, resveratrol concentrations of 18.6 and 674 nmol/mL 

were observed at 0.5 g and 1.0 g dose levels. Moreover, parent resveratrol accounted for a much larger 

proportion of resveratrol species in colorectal tissue than in plasma. These observations support the 

notion that the colorectum is a suitable target for chemoprevention by resveratrol and 0.5 g and 1.0 g 

of resveratrol have the capacity to elicit pharmacological effects in the gastrointestinal tract [128]. 

Recently, to overcome limitations of the low systemic availability of resveratrol due to the rapid and 

extensive metabolism, a micronized form of resveratrol (SRT501) was administered at 5.0 g dose for 

14 days to patients with CRC and hepatic metastases. Mean plasma doses of resveratrol exceeded 

those published with equivalent doses of non-micronized resveratrol. Caspase 3 levels were increased 

by 39% in malignant hepatic tissue [131]. 
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4.3. Quercetin 

Quercetin is a flavonoid and polyphenol found in many fruits and vegetables. Quercetin has been 

shown to have a role in inhibiting tumorigenesis in colon cells through anti-inflammatory as well as 

pro-apoptotic mechanism (Figure 1). Quercetin inhibits COX-2 and COX-1 gene expression and 

down-regulates Bcl-2 through inhibition of NF-κB [132,133]. Quercetin induces apoptosis via  

up-regulation of p53 and AMPK signaling [134] and suppresses phosphorylation of EGFR thus 

inhibiting downstream signaling in colon carcinoma cells [135]. Quercetin decreases cell growth by 

disrupting the binding of β-catenin to TCF-4 and inducing G2/M cell cycle arrest through decreasing 

gene expression of survivin and cyclin D [136,137]. Clinical trials of quercetin effect on CRC are 

lacking. Evidence of efficacy of quercetin comes from preclinical studies. Thus, further research in this 

field is warranted and inclusion of quercetin in clinical trials is recommended as a single agent or in 

combination as discussed next. 

Concern regarding the use of dietary sources of quercetin have become clear in recent years due to 

its complex intestinal absorption and poor bioavailability. Following gut biochemical modification  

and absorption, quercetin bioavailability in vivo reaches nanomolar ranges of plasma concentration 

(<100 nM) which is much lower than the micromolar ranges effective in in vitro studies [138]. Hence, 

to improve its bioavailability, multiple approaches have been undertaken than involve improved drug 

delivery systems such as inclusion complexes, liposomes, nanoparticles or micelles, which appear to 

provide higher solubility and bioavailability [139]. In one pharmacokinetic study in rats, quercetin was 

administered in a solid, lipid nanoparticle as an oral delivery carrier that resulted in a 5.7 fold increase 

in its bioavailability [140]. Enhanced bioavailability of quercetin in the near future is likely to bring 

this agent to the forefront of chemopreventive agents used in colon cancer. 

5. Combination Therapy 

Aspirin and other NSAIDs have been tested in randomized clinical trials and have been successful 

in reducing the risk of CRC. Unfortunately, by inhibiting COX enzymes, they tend to inhibit 

physiologically important PGs that could ultimately lead to potentially fatal toxicities that exclude their 

long-term use for cancer chemoprevention. COX-2 inhibitors and NSAIDS are associated with an 

increased risk for cardiovascular events, gastrointestinal ulcerations and bleeding. As for aspirin, even 

though it has a more favorable cardiovascular profile, hemorrhagic stroke and gastrointestinal bleeding 

are a concern particularly with prolonged use of the drug. 

Many new natural compounds are emerging as potential inhibitors of colorectal tumorigenesis. 

Besides having a role in inhibiting certain effector pathways that are involved in cancer development, 

these compounds do not have the toxicity profile associated with the use of NSAIDS. Specifically, 

compounds such as curcumin, quercetin and resveratrol have the potential to target aspirin and 

NSAID-specific pathways that lead to downregulation of tumorigenesis. Combination therapy is a 

promising field in CRC chemoprevention since combining compounds targets more pathways involved 

in cancer and also limits the toxicity from a high dose of a single compound as in the case of aspirin 

and other NSAIDs. The efficacy of combination therapy has been shown in several studies. In one 

study combination of aspirin with metformin led to synergism between the two drugs that resulted in 



Int. J. Mol. Sci. 2013, 14 17292 

 

 

greater AMPK activation than each agent alone [141]. In one study, curcumin additively inhibited the 

growth of CRC in a rat model; the number of ACF was lower with combined therapy than with each 

agent alone [142]. Moreover, in another study on CRC cells, curcumin augmented celecoxib inhibition 

of PGE2 synthesis and the combination of the two synergistically down-regulated COX-2 mRNA 

expression [143]. 

Combination therapy with natural compounds has also shown promising results. In one 

uncontrolled trial, the combination of curcumin and quercetin was studied in 5 patients with previous 

colectomy. Patients were given 480 mg of curcumin and 20 mg of quercetin orally 3 times per day for 

a period of 3–9 months. Results showed a mean 60.4% decrease in rectal and ileal polyp number from 

baseline and a 50.9% decrease in polyp size. The only adverse events reported were self-limited 

diarrhea in one patient and mild nausea and sour taste after ingestion of the pill in another patient 

which subsided 3 days later [144]. These results have prompted the evaluation of curcumin at doses of 

1–3 g daily for 12 months in FAP patients (Table 1). Combination of curcumin with resveratrol was 

shown to have better antioxidative properties than each agent alone. Also, the synergism seen with 

curcumin and resveratrol was more than that seen when curcumin was combined with quercetin [145]. 

The inhibition of tumors with a curcumin/resveratrol combination was associated with the reduction in 

proliferation and stimulation of apoptosis accompanied by attenuation of NF-κB activity. In vitro 

studies further demonstrated that the combination therapy resulted in greater inhibition of EGFR  

and IGF-R1, both of which have been implicated as possible pathways in CRC development [146]. 

Both curcumin and resveratrol or curcumin and quercetin have shown potential for being effective 

chemopreventive agents. However, no study yet has included all three combinations. The involvement 

of all three natural compounds might have the potential to result in chemoprevention as effectively as 

aspirin and other NSAIDs. As mentioned previously, aspirin is capable of inhibiting NF-κB, β-catenin, 

and activate AMPK and caspases 8 and 9. Using resveratrol alongside curcumin targets the same 

pathways as those of aspirin with the exception of activating AMPK and the subsequent inhibition  

of mTOR. Thus combining curcumin/resveratrol with quercetin could yield the same effect as that 

achieved with aspirin. Furthermore, since metformin is also an activator of AMPK, adding it to 

curcumin/resveratrol could also yield a combination whose effects are similar to those of aspirin. 

Moreover, it is expected that the combination of reservatrol/curcumin/quercetin could be more 

efficacioius than the use of aspirin alone since also IGF-R1R is inhibited by the 3 natural compounds 

combined, a target not inhibited by aspirin. However, no definite conclusion could be made until the 

effects of the 3 natural compounds are tested and their doses adjusted in an optimum way that could 

yield the best possible benefits with the least possible adverse events. 

6. Conclusions 

Chemoprevention with the use of NSAIDs and aspirin is an interesting field that has shown to be of 

great benefit against colorectal carcinogenesis. Yet the harms inflicted by these drugs have been shown 

to outweigh the benefits; specifically those patients at risk of developing CRC almost overlap with 

those at high risk for developing cardiovascular events. Hence, research has been directed towards 

adjusting the dosage of these drugs or combining them with other potential candidates in such a way 

that they act synergistically and at the same time decrease the toxic effects associated with higher 
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doses of single agents. Recently, many natural compounds have emerged as potential candidates  

that are capable of targeting pathways involved in colorectal carcinogenesis. In this review, we have 

discussed the mechanism by which COX-2, NF-κB, survivin and IGF-1 influence colorectal 

carcinogenesis by depicting the pathways involved in each and potential inhibitors of these agents. 

7. Future Directions 

Curcumin, resveratrol and quercetin are chemopreventive agents that are able to suppress multiple 

signaling pathways involved in carcinogenesis and hence are attractive candidates for further research. 

Currently, resveratrol is undergoing extensive research to determine the dose efficacy and 

administration form that could enhance its bioavailability and chemopreventive properties (Table 1). 

Once these issues are resolved, the efficacy of resveratrol on CRC needs to be assessed in further 

clinical trials. Curcumin, on the other hand, is currently being studied not only in chemoprevention but 

also in clinical trials involving chemotherapy. The chemopreventive effect of curcumin on colorectal 

carcinogenesis is warranted in long trials to determine its long-term efficacy. Quercetin has been 

proven to be efficacious in preclinical studies and the design of specific clinical trials is warranted to 

depict possible applications of this substance in adjuvant CRC therapy. Moreover, the field of 

combination therapy looks promising and deserves further assessment in clinical trials, specifically if 

efficient doses and forms of all three natural compounds become known. Moreover, NSAIDs and 

aspirin use have been widely studied in randomized studies and their routine use is not recommended 

thus far. Only when benefits outweigh their toxic and possibly fatal effects, will they be recommended 

for routine use. Research targeting possible populations in which these circumstances apply is 

currently underway. 
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