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Abstract

Worldwide, colorectal cancer (CRC) remains a major cancer type and leading cause of death.
Unfortunately, current medical treatments are not sufficient due to lack of effective therapy, adverse side
effects, chemoresistance and disease recurrence. In recent decades, epidemiologic observations have
highlighted the association between the ingestion of several phytochemical-enriched foods and nutrients
and the lower risk of CRC. According to preclinical studies, dietary phytochemicals exert chemopreventive
effects on CRC by regulating different markers and signaling pathways; additionally, the gut microbiota
plays a role as vital effector in CRC onset and progression, therefore, any dietary alterations in it may affect
CRC occurrence. A high number of studies have displayed a key role of growth factors and their signaling
pathways in the pathogenesis of CRC. Indeed, the efficiency of dietary phytochemicals to modulate
carcinogenic processes through the alteration of different molecular targets, such as Wnt/B-catenin,
PI3K/AKt/mTOR, MAPK (p38, JNK and Erk1/2), EGFR/Kras/Braf, TGF-/Smad2/3, STAT1-STAT3, NF-
kB, Nrf2 and cyclin-CDK complexes, has been proven, whereby many of these targets also represent the
backbone of modern drug discovery programs. Furthermore, epigenetic analysis showed modified or

reversed aberrant epigenetic changes exerted by dietary phytochemicals that led to possible CRC prevention
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or treatment. Therefore, our aim is to discuss the effects of some common dietary phytochemicals that might
be useful in CRC as preventive or therapeutic agents. This review will provide new guidance for research,
in order to identify the most studied phytochemicals, their occurrence in foods and to evaluate the
therapeutic potential of dietary phytochemicals for the prevention or treatment of CRC by targeting several
genes and signaling pathways, as well as epigenetic modifications. In addition, the results obtained by
recent investigations aimed at improving the production of these phytochemicals in genetically modified
plants have been reported. Overall, clinical data on phytochemicals against CRC are still not sufficient and
therefore the preventive impacts of dietary phytochemicals on CRC development deserve further research
so as to provide additional insights for human prospective studies.

Keywords: Dietary phytochemicals; colorectal cancer; microbiota; molecular targets; signaling pathways;

epigenetic regulators; preclinical study; clinical study.
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1. General overview of colorectal cancer

1.1. Epidemiology and etiology of colorectal cancer

Globally, colorectal cancer (CRC) is the third most widespread cancer in both men and women, with more
than 690000 deaths per annum (Ferlay et al., 2015). In developed countries (e.g.,Canada, Australia, United
States, and European countries), the mortality rates are higher compared to developing countries (e.qg.,
Africa, Central America, Japan, China, Singapore and Korea) in recent years (Siegel et al., 2016). On the
global economy, CRC has a great impact on medical care. By 2020, CRC is estimated to exceed $17 billion
in the healthcare system only in the USA (Mariotto et al., 2011).

CRC can develop through the mutation of specific genes related to a tumor suppressor gene, oncogene and
DNA repair mechanism. About 70% of CRC cases occur sporadically due to transformation of specific
morphological traits, starting from adenoma to carcinoma state, while 5% are related to inherited traits
(hereditary non-polyposis CRC or Lynch syndrome, familial adenomatous polyposis (FAP) and MUTYH-
associated polyposis) and the remaining 25% of CRC are associated with familiarity; only a few cases are
known to be associated with high microsatellite instability (MSI), and with DNA mismatch repair

deficiency (Li and Martin, 2016; Nufiez-Sanchez et al., 2015). Several risk factors are strongly involved in
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CRC progress, such as low levels of physical movement, obesity, diets with low fiber and high content of
red meat or fat, cigarette smoking, alcohol abuse, environmental factors and intestinal dysbiosis (Gao et al.,
2015; Huxley et al., 2009). Furthermore, a family history of CRC or chronic inflammatory bowel disease
increases the incidence of Crohn’s disease and ulcerative colitis, which contribute the CRC progression

(Terzi¢ et al., 2010).

1.2. Molecular targets in colorectal cancer

CRC is thought to occur as a result of genetic and epigenetic modifications in a range of genes promoting
and enhancing MSI and chromosomal instability (CIN), and CpG island methylation (CIMP) (Boland and
Goel, 2010; Lao and Grady, 2011; Pino and Chung, 2010). Most of the CRC occurs by CIN due to
aneuploidy and loss of heterozygosity, which affects the number of genes associated with cell function,
such as APC, Kirsten rat sarcoma virus oncogene (Kras), B-raf proto-oncogene (Braf), Tp53, etc. (Pino and
Chung, 2010). Mutations of the APC gene can promote the dysregulation of p-catenin and therefore activate
the wingless-type (Wnt) pathway, a common mechanism for initiating polyps to cancer progression
(Vogelstein et al., 1988). Activated Wnt pathway promotes the expression of cellular Myc proto-oncogen
(c-MYC) and the cyclin D1 gene, which induce favorable conditions for cancer cell growth (He et al.,
1998). In addition, mutations of tumor suppressor genes (e.g., p53) and oncogenes (Kras or Braf) occur in
approximately 55% to 60% of CRC and result in changes in cell propagation, apoptosis, cell cycle and
DNA repair mechanisms (Rodrigues et al., 1990; Smith et al., 2002). The mitogen-activated proteins
kinases (MAPKS), including extracellular signal-regulated kinases (Erk1/2), p38MAPK and Jun amino-
terminal kinases (JNK), are known to communicate, enlarge and integrate signals from a wide variety of
stimuli in controlling cellular proliferation, development, differentiation, inflammatory responses and
apoptosis in CRC (Dhillon et al., 2007). Additionally, activated phosphatidylinositol 3-kinase (PI3K/Akt
pathway) promotes tumor progression via suppression of apoptosis and promotion of the cell cycle

(Vivanco and Sawyers, 2002). In CRC and colitis-associated tumors, nuclear factor-kB (NF-kB) activation
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has also been identified and it regulates a number of genes accountable for the generation of pro-
inflammatory mediators and cytokines (cyclooxygenase 2 (COX-2), prostaglandin E2 (PGE2), inducible
nitric oxide synthase (iNOS), tumor necrosis factor-alpha (TNF-a), interleukin 6 (IL-6) and IL1p) (Ohta et
al., 2006; Wang et al., 2009), essential for the progression of CRC development.

Epidermal growth factor receptor (EGFR) is expressed in 60% to 80% of CRC (Goldstein and Armin,
2001), and has been related to several signaling pathways such as Kras-Braf-MEK-MAPKSs and PI3K/Akt
(Custodio and Feliu, 2013). Vascular endothelial growth factor (VEGF) is expressed in about 50% of CRCs
and represents a vital angiogenic factor for CRC progression (Bendardaf et al., 2008). Moreover, activation
and expression of matrix metalloproteinase (MMP)-2 and MMP-9 in CRC is related with cancer
development, invasion, angiogenesis and metastasis (Mook et al., 2004). Transforming growth factor beta
(TGF-p) signaling pathway has the potential to control a range of biological processes, and alterations in
this pathway and promotes CRC cell growth, migration, invasion, angiogenesis and metastasis
(Ramamoorthi and Sivalingam, 2014). Furthermore, insulin may promote CRC by enhancing the bioactive
insulin-like growth factor (IGF)-1, either directly or via supression of IGF binding proteins that increase

free IGF-1 (Grimberg and Cohen, 2000).

1.3. Current treatment and management of colorectal cancer

In the early stage, CRC can be diagnosed by several methods such as fecal occult blood testing, double-
contrast bariumenema X-ray, flexible sigmoidoscopy and colonoscopy (gold standard) (Jenkinson and
Steele, 2010). The common CRC biomarkers are metabolites, DNA, RNA or proteins for the detection of
CIN, MSI, CIMP, Braf and Kras mutations in tumor specimens to classify the tumor stage or grade,
providing a prediction of disease progression and therapy (Marmol et al., 2017). Currently, next generation
sequencing (NGS) is also being implicated for CRC determination, such as DNA sequencing by ColoSeq™
assay for screening hereditary CRC, miRNA sequencing by RT-gPCR or miRNA microarray assay that can

differentiate the healthy tissue from CRC tissue, while 16S rRNA sequencing can discriminate gut
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microbiota composition in healthy and CRC tissue (Li and Martin, 2016). Also, a large number of kits for
the determination of other gene expression profiles are under clinical investigation (Li and Martin, 2016).

In general, tumor resection is carried out for the treatment of all stages of CRC. The application of different
chemotherapeutics as neoadjuvants or adjuvants such as FOLFIRI and FOLFOX, along or in combination
with bevacizumab, cetuximab, oxaliplatin, or panitumumab, relies on the patient’s condition and the CRC
stage (Schmoll et al., 2012). Of note, about 50% CRC patients will develop recurrent disease (Jemal et al.,
2009), demonstrating that the currently existing treatments are unable to manage this deadly disease. The
affordability and complexity issue jointly with high drug resistance percentage has augmented the difficulty
of CRC treatment worldwide, thus immediate attention needs to focus on complementing the existing
therapies. Moreover, the limitations of existing CRC treatment cytotoxic drugs are that they are
insufficiently available or affordable in some regions (particularly in the least developing countries), and

their application is also linked with a variety of unwanted and adverse effects.

2. Why phytochemicals?

Phytochemicals are non-nutritive secondary plant compounds often with health promoting and disease
preventive properties, mainly found in fruits, vegetables, grain, herbs, spices and other plant foods. On the
basis of epidemiological as well as preclinical and clinical research evidence, the consumption of fruits and
vegetables exerts health-promoting effects against different types of tumors (Gonzéalez-Vallinas et al., 2013;
Lee et al., 2011). About 70% to 90% of CRC are correlated with dietary factors, and diet optimization can
avoid most of the cases (Ahmed, 2004; Shannon et al., 1996). A positive correlation between
phytochemicals and CRC prevention has been noticed in several epidemiological studies (Fung et al., 2010;
Nomura et al., 2008; van Duijnhoven et al., 2009) and in a number of studies aimed to investigate the anti-
cancer effects of phytochemicals in CRC models (Afrin et al., 2016; NGfiez-Sanchez et al., 2015;
Ricciardiello et al., 2011). Therefore, there is a need to establish novel compounds that are non-toxic and

that can be utilized in combination therapy to improve the response of cancer cells to chemotherapeutic
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mediators. As a result, scientists have paid great attention to build up preventative strategies and treatments
to decrease the incidence of CRC. The discovery of new potential phytochemicals with cancer preventive
and therapeutic properties is based first on a screening assay for identifying specific affected molecular
targets, next using validation techniques employing animal models or specific population targets, and
eventually particular clinical trials which could be planned to study the targeted signaling pathways that are
altered in particular types of cancer patients (Atanasov et al., 2015).

It has been found that phytochemicals can modulate key cellular signaling pathways by targeting different
stages of CRC (initiation to progression) (Fig. 1), and research endeavors have centered on the roles of
phytochemicals in signalling cascades that are presumed to induce chemopreventive activities (Gonzalez-
Vallinas et al., 2013; Lee et al., 2011). Therefore, this comprehensive review summarizes the most current
information (PubMed and Google Scholar were searched for all original and review articles from 2012-
2017 for preclinical studies and from 2004-2017 for clinical studies) of well-investigated dietary
phytochemicals, mainly polyphenols, terpenoids and sulfur-containing compounds (Table 1) in CRC
chemoprevention and their relation to intestinal microbiota. Particular attention has been paid to their
molecular targets and epigenetic modification in in vitro and in vivo studies, as well as to the diverse clinical

trials that have confirmed them to be potential therapeutic and chemopreventive agents.

3. Phytochemical metabolism in the colon and its relevance for colon cancer

Existing evidence indicates that the human intestinal microbiota (Bacteroidesfragilis, Helicobacter
hepaticus, Escherichia coli strain NC101, Fusobacteriumspp., Campylobacter spp. etc.) play a vital role in
the aetiology of colon cancer, not only through the pro-carcinogenic actions of particular pathogens but
also altering the immune function, tumor microenvironment through inflammation, or the metabolism of
the host and stimulating the production of internal factors that have an effect on carcinogenesis (Gao et al.,
2015). In recent investigations, hereditarily modified bacteria and their metabolites are taken into

consideration, and some useful commensal bacteria are presently being experimented in some clinical cases
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(Abreu and Peek, 2014). Moreover, it would be highly advantageous to introduce some dietary compounds
or foods that could be applied to prevent CRC via their ability to modulate the intestinal microbiota.

It is increasingly recognized that natural compounds exert some of their important bioeffects on the body
via complex interactions with the host’s microbiota (Eid et al., 2017; Espin et al., 2017). Dietary
phytochemicals are bound to fiber or are mostly present as glycosides and complex molecules with less
bioavailability and poor solubility (Bohn et al., 2015; Louis etal., 2014). Only limited accumulation appears
in the small intestine and the structure and profile of most of the dietary phytochemicals are altered by
bacterial fermentations in the large intestine, resulting in metabolites with more bioavailability and better
pharmacological properties (Marin et al., 2015). The bioactivity of these metabolites can be changed by
hydrogenation, dehydroxylation and demethylation. In addition, metabolites that are derived from microbial
activities may be subjected to additional methylation, glucuronidation, glycination, or sulfation in the liver
that promotes their distribution to tissues and excretion into the small intestine through bile (Bohn et al.,
2015; Louis et al., 2014). Bacterial B-glucuronidases convert glucuronides to the aglycones that can be re-
absorbed in the gut. Therefore, the activity of bacterial B-glucuronidase and the enterohepatic circulation
have the potential to enlarge the retention time of phytochemicals in the human body (Bohn et al., 2015;
Louis et al., 2014).

Growing evidence suggests that dietary phytochemicals are metabolized by the gut microbiota into active
compounds (Table 1) that are able to i) enhance bioavailability, compared to the native compound (Ozdal
et al., 2016), ii) decrease pathogenic microorganisms (Etxeberria et al., 2013), iii) avert colonic bacterial
enzyme activities (Karthikkumar et al., 2012), iv) generate antioxidant effects (Louis et al., 2014), v)
modulate xenobiotic detoxification pathways (Louis et al., 2014), vi) reduce oxidative DNA damage (Del
Rio et al., 2013), vii) suppress pro-inflammatory mediators (Larrosa et al., 2009), viii) modulate cell
proliferation and apoptosis (Del Rio et al., 2013; Ramos, 2008), ix) target key carcinogenic pathways (Del
Rio et al., 2013; Ramos, 2008) and x) elevate the prebiotic function of the dietary fibers (Dethlefsen et al.,

2006).
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4. Molecular targets of dietary phytochemicals for colorectal cancer prevention: preclinical studies

Using in vitro and in vivo models, dietary phytochemicals have been implicated in an extensive range of
anticancer activities: anti-proliferation, cell-cycle blockage, DNA repair alteration, apoptosis induction,
anti-inflammation, activation of tumor-suppressor genes and suppression of oncogenes, regulation of the

levels of hormonal and growth-factors, and inhibition of invasion, angiogenesis and metastasis (Table 2).

4.1. Polyphenols

Polyphenols are a very diverse and multifunctional group of bioactive compounds. These molecules are
secondary metabolites of plants, biosynthesized mainly for defense against oxidative damage and stress and
generally display a substantial health-improving potential in many areas (Braicu et al., 2017; Catana et al.,
2018; Tewari et al., 2018). In the human diet there are approximately 8,000 different polyphenols from
edible plants (Fraga et al., 2010), classified into different groups. Within them, the most important groups
are phenolic acids, flavonoids, stilbenes, lignans and curcuminoids. This last decade has seen a remarkable
increase in research on polyphenols, thanks to their antioxidant effects and to their ability to interact with
cellular enzymes and receptors, thus modulating many molecular mechanisms involved in different

biological functions (Pandey and Rizvi, 2009).

4.1.1 Flavonoids

4.1.1.1. Quercetin

Quercetin is synthesized from three molecules of malonyl CoA, derived from the metabolism of fatty acids,
and one of p-coumaroyl CoA, synthesized from phenylalanine via the general phenylpropanoid pathway in
a reaction catalysed by chalcone synthase (CHS). The product of this reaction is naringenin-chalcone. The
next step in this flavonoid biosynthesis pathway is the stereospecific conversion of naringenin-chalcone to

naringenin by chalcone isomerase (CHI). The enzyme flavanone 3-hydroxylase (F3’H) catalyzes the
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hydroxylation at C3 with the conversion of naringenin to dihydrokaempferol. The subsequent steps involve
the introduction of a A2,3 double bond to convert dihydrokaempferol to the flavonol kaempferol, and then
flavonol 3-hydroxylase is responsible for the synthesis of dihydroquercetin. Finally, flavonol synthase
(FLS) converts dihydroquercetin to quercetin (Crozier et al., 2006).

In plants, quercetin and its derivatives mainly occur in leaves and in the outer parts of the plants in the form
of aglycones and glycosides, in which one or more sugar groups are bound to the phenolic groups by
glycosidic bonds. Onions, for example, are a particularly rich source of quercetin glucosides. Yellow onions
are one of the main sources of these flavonols, with the edible flesh containing between 280 and 490 mg/kg.
Makris and Rossiter (2001) also detected 280 mg/kg of quercetin-3-O-rutinoside in fresh asparagus.
Tomatoes also contain flavonols, mainly in the form of quercetin-3-O-rutinoside, which accumulates in the
skin, with cherry tomatoes being an especially rich source due to their high skin to volume ratio (Stewart
et al., 2000). Quercetin is abundant in mulberries (359.4 mg/kg-1), apricots (322.1 mg/kg-1), and apples
(119.5 mg/kg-1) (Sultana and Anwar, 2008).

Quercetin and its derivatives exert growth inhibitory effects in colon cancer by reducing tumor growth and
suppressing cell survival or proliferation rate through the induction of apoptosis or autophagy and arresting
cell cycle by modulating different molecular targets. A huge number of studies have addressed the apoptotic
effect of quercetin in several models of CRC cells highlighting a decrease in the expression of MYC, B-
cell lymphoma (Bcl)-2, Bcl-xI and at the same time an enhancement in the expression of p53, caspase-3, -
9, cleaved Poly (ADP-ribose) polymerase (c-PARP) (Kee et al., 2016; Refolo et al., 2015; Yang et al., 2016;
Zhang et al., 2015), as well as a reduced mitochondrial membrane potential (MMP) (Cincin et al., 2015;
Khan et al., 2016; Kim, G.T. et al., 2014). Furthermore, it stimulated MAPK pathways, including
p38MAPK, JNK and Erk signaling for the induction of cancer cell death by stimulating apoptosis (Fig. 2)
(Kee et al., 2016; Refolo et al., 2015; Yang et al., 2016; Zhang et al., 2015). In DLD-1 colon cancer cells,
guercetin activated p38MAPK, which further activated caspase-3 and cleavage of PARP protein (Bulzomi

et al., 2012). Interestingly, quercetin-induced apoptotic death of colon cancer HT-29 and HCT-116 cells by
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modulating AMP-activated protein kinase/mechanistic target of rapamycin (AMPK/mTOR) (Kim, G.T. et
al., 2013) and AMPK/p38 (Kim, G.T. et al., 2014) pathway which triggered sirtuin 2 (SIRT-2) expressions
in a p53-independent way and also induced intracellular reactive oxygen species (ROS) generation (Kim,
G.T.etal., 2014; Kim, G.T. et al., 2013). In hypoxic conditions, it inhibited AMPK expression by reducing
hypoxia inducible factor-1 (HIF-1) activity (Kim et al., 2012) and the result was also confirmed in an in
vivo CRC model (Kim et al., 2012).

5,30-dihydroxy-3,7,40-triethoxyflavone (TEF) is a quercetin derivative that induces apoptotic death of
colon cancer HCT-116 cells by endoplasmic reticulum (ER)-arbitrated apoptosis by increasing the inositol
requiring kinase 1-o (IRE1-a) and X-box-binding protein 1 (XBP-1) protein expressions, which elevate
intracellular Ca?*, ROS and B-cell lymphoma 2 associated X (Bax) protein, and at the same time reduce
Bcl-2 levels (Khan et al., 2016). Furthermore, TEF treatment decreased the ER stress downstream
regulating protein, activating transcription factor (ATF)-6, protein kinase-like ER kinase (PERK), CCAAT-
enhancer-binding homologous protein (CHOP), glucose-regulated protein-78 (GRP78) and p-eukaryotic
initiation factor 2 alpha (p-eIF20/ elF2a) expression, and activated the JNK and p38 signaling pathways
(Khan et al., 2016).

The anti-inflammatory effects of quercetin were observed in the suppression of toll like receptor (TLR) 4,
NF-xB and other inflammatory factors (IL-6, COX-2 and TNF-a) expression in Caco-2 cells (Fig. 3) (Han
et al., 2016). Furthermore, the expression of proliferation markers, phosphoglycogen synthase kinase 3-
(p-GSK-3p), p-PI3K/AKkt, p-S6, p-eukaryotic translation initiation factor 4E-binding protein 1 (4EBPI) and
p-signal transducer and activator of transcription (STAT3) decreased in DLD-1 and Caco-2 cells by
inducing endocannabinoid receptor expression (Refolo et al., 2015). Additionally, suppressed Wnt/-
catenin in DLD-1 and Caco-2 (Refolo et al., 2015), Akt-CSN6-MYC in HT-29 (Yang et al., 2016) and NF-
kB in Caco-2 and SW-620 (Zhang et al., 2015) cells were also observed after quercetin treatments. In HT-
29 CRC cells, quercetin suppressed cell survival rate, which was associated with COX-2 dependent ROS

generation and suppressed p-Akt and p-GSK-3p expression (Raja et al., 2017). Furthermore, quercetin or
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its derivatives suppressed cell progression by blocking the cell cycle at GO/G1 (Kim et al., 2012; Yang et
al., 2016) and G2/M phase (Fig. 4) (Enayat et al., 2016; Zhao, Y. et al., 2017). In a xenograft model of
colon cancer, ingestion of quercetin reduced tumor volume and increased the survival rate (Hashemzaei et
al., 2017).

A derivative of quercetin (isoquercitrin) suppressed the growth of colon cancer HCT-116, DLD-1 and SW-
480 cells through the suppression of the Wnt/B-catenin signaling pathway by acting on the nuclear
translocation of B-catenin (Fig. 5) (Amado et al., 2014). Analogous effects were also exerted in a functional
model of Xenopus embryos (Amado et al., 2014). Interestingly, quercetin derivatives, 8-C-(E-
phenylethenyl) quercetin (8-CEPQ) and 2-Chloro-1,4-naphthoquinone (CHNQ) induced autophagic cell
death by i) increasing ROS generation in HT-29 and HCT-116 cells (Enayat et al., 2016), ii) accumulating
acidic vesicle and autophagic vacuoles, iii) increasing puncta formation, iv) modulating Beclin-1 activity,
v) increasing LC3-1 and LC3-1l expression, and vi) reducing expression of autophagic substrate,
SQSTM1/p62 in SW-620, HT-29 and HCT-116 cells (Enayat et al., 2016; Zhao, Y. et al., 2017), p-
Akt/PI3K in HT-29 and HCT-116 cells (Enayat et al., 2016), as well as increasing the expression of
autophagy related gene 7 (ATG7) in SW-620 cells (Zhao, Y. et al., 2017), p-Erk1/2, p-p38 MAPK and p-
JNK in SW-620, HT-29 and HCT-116 cells (Enayat et al., 2016; Zhao, Y. et al., 2017) .

Quercetin suppressed the metastatic ability of CT26 colon cancer cells through the regulation of the
epithelial mesenchymal transition (EMT) by suppressing the expression of N-cadherin, $-catenin, and snail
and increasing the expression of E-cadherin (Kee et al., 2016). Anti-invasive and anti-migratory activities
were observed by decreasing cell migration ability in HT-29, CT26 and Caco-2 cells (Han et al., 2016; Kee
et al., 2016; Refolo et al., 2015) and inhibiting the expression of MMP-2 and MMP-9 expression in HT-29
and CT26 cells after quercetin treatments (Han et al., 2016; Kee et al., 2016). Moreover, in a colorectal
lung metastasis mouse model, intake of quercetin significantly decreased tumor nodules and lung weight

(Kee et al., 2016).

Page 14 of 123



4.1.1.2. Anthocyanins

Anthocyanins (water-soluble vacuolar pigments, plentiful in the skin of red grapes) are produced by a
different branch of the flavonoid biosynthetic pathway; the enzymes CHI, F3’H, dihydroflavonol 4-
reductase and anthocyanidin synthase (ANS, also known as LDOX) are required to synthesize
anthocyanidin (pelargonidin). However, most plants further hydroxylate the B-ring using either the enzyme
F3'H which forms cyanidin, or the enzyme flavonoid 3'5' Hydroxylase (F3'5'H) which forms delphinidin.
Differences in the hydroxylation of the B-ring confer variations in the colour ranges of anthocyanidins,
pelargonidin being orange to red, cyanidin red to red-purple and delphinidin being red-purple to blue
depending on various other factors. The anthocyanidin structure is unstable and these pigments accumulate
exclusively as glycosylated forms (anthocyanins) in nature, with carbon 3 linked to a glucose sugar residue
through an oxygen molecule (Zhang et al., 2014). Most of the red, purple, and blue-colored plants, fruits
and flowers contain anthocyanins. Burns et al. (2000) studied the range concentrations of phenolic
compounds in 15 red wines of different geographical origins, and found a range of free and polymeric
anthocyanins between 41 and 150 mg/L. Numerous varieties of plums (Prunus domestica L.) are cultivated
world-wide and are a rich source of anthocyanins in the form of cyanidin-3-O-glucoside and cyanidin-3-O-
rutinoside, which are also found in peaches. Red onions, like their yellow counterparts, contain up to 250
mg/kg anthocyanins while rhubarb (Rheum rhaponticum L.) has 2000 mg/kg of anthocyanin (Crozier et al.,
2006).

Anthocyanins induce chemopreventive effects, including anti-inflammation, anti-proliferation, apoptosis
induction, cell cycle regulation, anti-invasion and anti-angiogenesis activities. Anthocyanin and
anthocyanidin rich extract from plant sources induced apoptotic cell death by increasing c-PARP, caspase-
3 and Bax/Bcl2 ratio in COLO 320DM cells (Hsu et al., 2012) and decreasing survivin, X-linked inhibitor
of apoptosis protein (XIAP) and cellular inhibitor of apoptosis-2 expressions in HT-29 cells (Mazewski et
al., 2018). Furthermore, anthocyanins containing potato extract killed colon cancer stem cells (CSCs) in

CRC cells and animal models by inducing mitochondria-mediated apoptosis (elevating Bax and cytochrome
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c) and disrupting the Whnt signaling by suppressing B-catenin and its downstream proteins c-MYC and
cyclin D1 expressions (Fig. 5) (Charepalli et al., 2015). The accumulation of p27 and p21 and the decrease
of cyclin E and cyclin D after the extract treatment of COLO-320DM and HT-29 cells may be accredited
to the molecular mechanisms underlying the transition of the cells into GO/G1 phase arrest (Fig. 4) (Hsu et
al., 2012). Furthermore, anthocyanin metabolites suppressed colon cancer Caco-2 cell growth by inhibiting
the pro-oncogenic signals, such as AP-1, NF-kB and STAT-1 activity (Fig. 7) and blocking the cell cycle
at GO/G1 phase (Forester et al., 2014). In addition, elevation of caspase-3 was also observed in HT-29 cells
after treatment with strawberry and anthocyanin-rich grape extracts and their microbial metabolites (Lopez
de las Hazas et al., 2016).

Anthocyanin extracts from cocoplums (Chrysobalanus icaco L.) suppressed HT-29 cell proliferation by
increasing ROS generation, and exerting also anti-inflammatory effects by suppressing the inflammation
markers NF-kB1, TNF-a, IL-6 and IL-1p expression (Fig. 5) (Venancio et al., 2017). In the azoxymethane
(AOM)-treated mouse model of colon cancer, anthocyanins inhibited the formation and growth of colon
cancer by reducing inflammation (Lippert et al., 2017). Anthocyanins suppressed the invasion ability
partially through the inhibition of cladin-3 via activation of p38-MAPK and the suppression of the
expressions MMP-2 and MMP-9, which was arbitrated by the downregulation of PI3K/AKT signaling
pathway in colon cancer HCT-116 cells (Fig. 6) (Shin et al., 2011).

Proanthocyanidins from different berries activated apoptosis increasing p-p38MAPK and caspase-8 in
colon cancer SW-480 and SW-620 cells (Minker et al., 2015). At the intestinal lumen, hexameric
procyanidins prevented bile-acid-induced activation of oncogenic signals (p38, Erk, Akt, and activator
protein-1 (AP-1)) (Fig. 2 and Fig. 6) and NADPH oxidase activation, calcium mobilization, and oxidant
production in Caco-2 colon cancer cells (Da Silva et al., 2012). Grape seed proanthocyanidins induced anti-
angiogenic activity in SW-620 human colon cancer cells and colon tumor xenografts (chick chorioallantoic
membranes) by inhibiting both VEGF and angiopoietin 1 expression through scavenging ROS (Huang et

al., 2012).
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4.1.1.3. Genistein

Genistein, the predominant isoflavone of soybeans, is biosynthetically the simplest of isoflavonoid
compounds found in Leguminosae. It is a central intermediary in the biosynthesis of more complex
isoflavonoids with roles in the establishment or inhibition of interactions between plants and microbes
(Dixon and Ferreira, 2002). To enter the isoflavonoid pathway, the flavanone first undergoes abstraction of
a hydrogen radical at C-3 followed by B-ring migration from C-2 to C-3 and subsequent hydroxylation of
the resulting C-2 radical. This reaction, catalyzed by a microsomal cytochrome P450 enzyme, requires
NADPH and molecular oxygen to convert naringenin and isoliquiritigenin into the isoflavones genistein
and daidzein respectively (Dixon and Ferreira, 2002). These isoflavonoids enjoy a restricted distribution in
the plant kingdom, as they are limited to the subfamily Papilionoideae of the Leguminosae. The levels of
these isoflavones in soybeans have been reported to range from 560 to 3810 mg/kg (Fielden et al., 2003).
Genistein has received much attention because of its efficientanti-carcinogenic effects and probable
function in various signaling pathways in CRC. Chemopreventive activity of genistein or its derivative
(GEN-27) may constitute an important determinant in the inhibition of colon cancer progression both in in
vitro and in vivo models by inhibiting the Wnt/p-catenin signaling pathway (Fig. 5) (Du et al., 2016; Lepri
et al., 2014; Sekar et al., 2016; Zhang, Y. et al., 2013). Increased APC level and axis inhibition protein 2
(AXIN2) expression were observed, while the expressions of p-GSK-3p levels (Du et al., 2016) and -
catenin target genes, including proliferating cell nuclear antigen (PCNA), cyclin D1 and c-MYC, were
found to be lowered after treatment with this phytochemical (Du et al., 2016; Wang, Y. et al., 2016; Zhang,
Y. et al., 2013). Moreover, genistein induced anti-proliferative activity through downregulation of EGFR
in HCT-116 (Gruca et al., 2014) and p38 MAPK in HT-29 (Fig. 2) (Shafiee et al., 2016) cells. Apoptotic
cell death by genistein treatment associated with inhibited NF-xB pathway, as well as downregulated Bcl-

2 (Luo et al., 2014; Wang, Y. et al., 2016) and upregulated Bax (Luo et al., 2014) expressions, were
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observed, while caspase-3 (Shafiee et al., 2016) and ROS increased and mitochondrial membrane potential
(MMP) (Wu et al., 2017) was reduced in colon cancer cells.

GEN-27 suppressed inflammation-induced HT-29, HCT-116 and SW-620 colon cancer cells proliferation
by inhibiting NF-xB signaling (Fig. 3) (Du et al., 2016; Wang, Y. et al., 2016). In chemically induced in
vivo CRC model, genistein or GEN-27 induced therapeutic effects by suppressing the nuclear translocation
of NF-xB/p65 and inhibiting expression of the inflammatory cytokine TNF-a, IL-6 and IL-1p (Fig. 3) (Du
et al., 2016). In an in vivo colon carcinogenesis model, genistein exhibited anti-cancer effects by activating
nuclear related factor 2 (Nrf-2) and its downstream target HO-1 and decreasing the expressions of
proliferative (PCNA) and CSC (CD133, CD44) markers (Sekar et al., 2016).

Furthermore, genistein suppressed cell growth by blocking the cell cycle at GO/G1 (Du et al., 2016; Wang,
Y. etal., 2016) and G2/M phase (Han et al., 2013; Mizushina et al., 2013; Wu et al., 2017; Zhang, Z. et al.,
2013), with a significantly decreased cyclin B1, serine/threonine-proteinkinase 2 (Chk2) (Han et al., 2013),
cell division cycle (cdc)2 and cdc25A expression, and increased activation of ATM/p53, p21wafl/cipl and
DNA damage-inducible gene 45a (GADD45a) (Zhang, Z. et al., 2013) in several colon cancer cells (Fig.
4). Anti-metastatic activity of genistein was also associated with suppressed expression of MMP-2 (Shafiee
et al., 2016; Xiao et al., 2015), Fms-related tyrosine kinase 4 and CD34, concurrent with inhibiting cell
migration and invasion ability both in in vitro and in vivo experimental colon carcinogenesis (Xiao et al.,

2015).

4.1.1.4. Epigallocatechin-3-gallate

Epigallocatechin-3-gallate (EGCG) is produced via the naringenin-chalcone - naringenin -
dihydrokaempferol pathway (Ashihara et al., 2010). The reactions leading to the synthesis of
dihydromyricetin are catalyzed by the following enzymes: phenylalanine ammonia-lyase (PAL), cinnamate
4-hydroxylase (C4H), CHS, CHI, F3’H and flavonol 3'5-hydroxylase which catalyze hydroxylation at C3

and Cb5. Epigallocatechin (EGC) is formed in steps involving sequential reactions catalyzed by
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leucoanthocyanidin 4-reductase, ANS, and anthocyanidin reductase. Finally, EGC is converted into EGCG
(esterified catechin) via the sequential action of flavan-3-ol gallate synthase (Liu et al., 2015). The principal
source is green tea, which contains 7380 mg/100 g, while white tea contains 4245 mg/ 100 g, and black tea
even smaller quantities (936 mg/100g). Trace amounts are found in apple skin, plums, onions, hazelnuts,
pecans, and carob powder (109 mg/100 g) (Crozier et al., 2006).

EGCG has been reported to exert anti-cancer effects against different cell line models of CRC by
modulating multiple signaling pathways. In a panel of colon cancer cells, EGCG inhibited cell proliferation
by suppressing Wnt/p-catenin (Fig. 5) (Oh et al., 2014) and PI3K/AKkt (Fig. 6) (Kumazaki et al., 2013)
signaling pathways, and inducing apoptosis by activating both p53-dependent and p53-independent
pathways (Park et al., 2013). For example, increasedc-PARP and caspase-9 expression (Kumazaki et al.,
2013), and activated MAPK (p-Erk1/2,p-p38MAPK and p-JNK1/2) target signaling (Fig. 2) (Cerezo-
Guisado et al., 2015) were highlighted. Additionally, EGCG suppressed proteinase-activated receptor 2
(PAR2)-activating peptide-or factor VIl-induced proliferation and migration ability by blocking the
activation of NF-xB and Erk1/2 signaling and at the same time neutralizing the suppressed activity of
caspase-7, elevated activity of tissue factor and MMP-2 (Zhou et al., 2012). In APC mutated colon cancer
cells, EGCG suppressed cancer cell growth through the inhibition of Wnt/B-catenin by stimulating the
phosphorylation and proteasomal degradation of B-catenin via a system independent of the GSK-3p and
protein phosphatase 2A and repressing cyclin D1 and c-MYC expression (Fig. 5) (Oh et al., 2014).
Synergistic effect of EGCG was observed when it was combined with other phytochemicals in CRC cells.
In Caco-2 and LoVo cells, when EGCG was combined with raphasatin and vitexin-2-O-xyloside, it
enhanced effectiveness by arresting the cell cycle at GO/G1 phase and inducing mitochondrial reliant
apoptosis by activating Bax, caspase-9 and PARP, and decreasing Bcl-2 expression, as well as increasing
ROS generation (Papi et al., 2013). Furthermore, combination treatment of EGCG and sodium butyrate
(dietary microbial fermentation product of fiber) was more efficient in stimulating apoptosis, cell cycle

arrest and DNA-damage in CRCHT-29, RKO and HCT-116 cells (Saldanha et al., 2014). The effects were
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principally correlated to the arrest of cell cycle at G1 and G2/M phase, the decrease of survivin through p21
induction and the increase of p53 expression (Fig. 4) (Saldanha et al., 2014).

EGCG treatment inhibited SW-620 cell invasion by decreasing the activity of MMP-9 (Zhou et al., 2012).
In HT-29 and HCT-116 cells, EGCG suppressed the migration ability by reducing the expression of MMP-
9 and VEGF (Park et al., 2013). Additionally, peracetylated(-)-epigallocatechin-3-gallate (ACEGCG)
showed much more potency compared to natural EGCG for preventing chemically induced colitis and CRC
in mouse model (Chiou et al., 2012). AcEGCG acted at different levels and induced epigenetic alteration
by specifically elevating acetyl-Nrf2, activating Erk1/2 signaling, thereby resulting in the increase of
antioxidant enzyme (HO-1) expression and inhibition of PI3k/Akt/NF«kB activation, p65 acetylation, and

COX-2, INOS, TNF-a, IL-6 and IL-1p expressions (Chiou et al., 2012).

4.1.1.5. Kaempferol

The biosynthetic pathway for kaempferol has been identified in various plants. Initially, phenylalanine is
converted into p-coumaryl-CoA by PAL, C4H and 4-coumaric acid ligase. Then, naringenin is generated
through a condensation reaction between one molecule of p-coumaryl-CoA and three molecules of malonyl-
CoA by CHS and CHI. Finally, naringenin is converted into kaempferol via dihydrokaempferol by
flavanone 3B-hydroxylase and FLS (Duan et al., 2017). Kaempferol is mostly found in fruits such as apples,
grapes and tomatoes and in plants such as green tea, pine, Angelica decursiva (Mig.) Franch. & Sav. and
ginkgo (Ginkgo bilobaL..) leaves (Kim and Choi, 2013). Kaempferol is the most abundant flavonol (9-23
mg/kg) in blackcurrants (Crozier et al., 2006).

Kaempferol has been shown to exert chemopreventive effects mostly by suppressing cell growth, inducing
apoptosis and arresting cell cycle in in vitro CRC model. The mechanism was initiated by i) downregulating
the expression of PI3K/Akt and Erk1/2 pathways by inhibiting IGF-IR and ErbB3 signaling (Fig. 2 and Fig.
6) (Lee et al., 2014a), ii) increasing cleaved caspase-9, -3, -7 and -8 as well as PARP activity, iii) increasing

membrane-bound first apoptosis signal ligand (FasL), cytosolic cytochrome ¢ concentrations and
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mitochondrial membrane permeability, iv) decreasing the levels of Bcl-xL proteins, but increasing the
levels of Bik and Bad (Lee et al., 2014b), and v) arresting cell cycle at G1 and G2/M phase through
inhibiting the expression of CDK2, CDK4, cdc25C, cdc2, cyclin B1 cyclins D1, cyclin E, cyclin A and p-
Rbproteins (Fig. 4) (Cho and Park, 2013). Kaempferol supplementation in a mouse CRC model induced
protective effects against oxidative damage by decreasing liver thiobarbituric acid reactive substances
(TBARS) level and rejuvenating anti-oxidant enzymes superoxide dismutase (SOD), catalase and

glutathione peroxidase (GPx) activities (Nirmala and Ramanathan, 2011).

4.1.1.6. Silibinin

In nature, silybin, a flavonolignan, occurs in the form of two trans diastereoisomers, A and B, which are
differentiated by reference positions C-10 and C-11 in the 1,4-benzodioxane ring. Silibinin is produced by
oxidative coupling between a flavonoid (taxifolin) and coniferyl alcohol (a phenylpropanoid). The enzyme
CHS catalyzes the addition of a cinnamoyl-CoA unit to three malonyl-CoA units and the subsequent
cyclization, giving chalcones. Hydroxylation of the two aromatic rings occurs at the flavanone or
dihydroflavonol stage. Coniferyl alcohol is derived from reduction of cinnamic acid by a NADPH
dependent reaction using coenzyme A. This is followed by aromatic hydroxylation and methylation. The
oxidative coupling reaction between taxifolin and coniferyl alcohol is mediated by formation of free
radicals and catalyzed by peroxidase enzyme (Dewick, 2002).

Silibinin has been recently investigated for its chemopreventive activity on CRC in vitro and in vivo
experimental models. Silibinin induced apoptotic cell death in primary and TNF-related apoptosis-inducing
ligand (TRAIL) resistance metastasis SW-480 and SW-620 cancer cells, by targeting both extrinsic
pathway through the regulation of death receptors (DR)4/DR5 and caspase-8 and -10, and intrinsic pathway
by disruption of the MMP, releasing cytochrome c into the cytosol and activating caspase-9 (Kauntz et al.,
2012a). Additionally, silibinin and TRAIL synergistically induced mitochondrial apoptosis by decreasing

of the expression of anti-apoptotic proteins myeloid cell leukemia 1 (Mcl-1) and XIAP (Kauntz et al.,
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2012a). Furthermore, when silibinin was combined with regorafenibit, it exerted synergistic effects in a
panel of colon cancer cell lines by inducing anti-proliferative effects through the inhibition of
PI3K/AK/mTOR signaling (Fig. 6) and the increase of intracellular ROS production levels (Belli et al.,
2017). In order to improve the pharmacological properties of silibinin, it was combined with
oxidovanadium (IV) complexes and the combination was more effective in inducing inhibitory effects on
HT-29 cell growth by depletion of glutathione, induction of apoptosis by increased caspase-3, inhibition of
inflammation by suppression of the NF-kB pathway (Fig. 3) and inhibition of topoisomerase IB activity
(Leon et al., 2015). Moreover, silibinin and metformin combination enhanced in the growth rate of colon
cancer COLO-205 cells by reducing p-Akt and p-mTOR, and increasing p-AMPK expression, and finally
inducing apoptosis by increasing caspase-3 and apoptosis inducing factors (AlIF) expression (Tsai et al.,
2015).

In p53 wild and null type CRC HT-29 cells, silibinin induced apoptosis through early growth response-1-
provoked up-regulating of non-steroidal anti-inflammatory drug-activated gene-1 expression, which was
associated with increased ROS generation, p38MAPK signaling, and c-PARP expression (Woo et al.,
2014). Furthermore, silibinin inhibited interleukin (IL-4 or IL-6)-induced pro-tumorigenic signals STAT3
(Fig. 7) and NF-kB (Fig. 3) expression in CSC enriched colon spheres (Kumar et al., 2014), and suppressed
migration and invasion ability through the reduction of MMP-2 expression by attenuating the activity of
JNK/AP-1 pathway in LoVo cancer cells (Lin et al., 2012).

In vitamin D-resistant colon cancer HT-29 cells, silibinin suppressed the effects of TNF-a-mediated Snaill
and Snail2 over-expression, increased vitamin D receptor expression, and renovated the anti-proliferative
and anti-migratory effects of 1,25-dihydroxyvitamin D; these results are very promising since the levels of
vitamin D receptors are reduced in both the inflamed colon and in CRC and are inversely associated with
the epithelial/mesenchymal transition, thus representing a favorable prognostic indicator in CRC (Bhatia

and Falzon, 2015). This phytochemical inhibited CSC self-regeneration and sphere formation in spheroid
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culture by suppressing the activation of the AktSer473/mTOR signaling pathway via down-regulating the
activity of protein phosphatase 2Ac subunit (PP2Ac) (Wang, J.Y. etal., 2012).

In rodent CRC model, silibinin exhibited diverse protective and anti-carcinogenic effects on the colonic
mucosa at the pre-initiation stages. It decreased aberrant crypt foci (ACF) proliferation and formation,
inhibited pro-inflammatory mediators such as MMP-7, IL1B and TNF-a, and induced apoptosis by
decreasing Bcl-2 and increasing Bax expression (Kauntz et al., 2012b). Additionally, silibinin decreased
inflammation, mucin degradation and adenoma formation in the dimethylhydrazine (DMH) induced rat
colon by elevating the level of intestine-specific tumor suppressor gene caudal type homeobox 2 activity
(Sangeetha and Nalini, 2015). In Apc—/+ mice model, silibinin decreased the progression of intestinal
adenoma by blocking cell cycle entry, and induced apoptosis by targeting cyclin dependent kinase (CDK)
pathway (CDK4, cyclin D1, and p-retinoblastoma (Rb)) (Fig. 4) (Karim et al., 2013). Additionally,
ingestion of silibinin exerted chemopreventive activity in in vivo CRC model by inhibiting the
tumorigenecity and tumor growth of cancer stem-like cells (Wang, J.Y. et al., 2012). Finally, the
intratumoral injection of silibilin, coated with poly-(organophosphazene) gel in the xenografted CRC mice

model, exhibited a good antitumor effect by decreasing VEGF expression in colon tissue (Cho et al., 2012).

4.1.2. Phenolic acid and derivatives

4.1.2.1. Gallic acid

The biosynthesis of gallic acid (GA), a trihydroxybenzoic acid originating in the shikimate pathway,
starting with 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (DAHP) catalyzes an aldol-like
reaction between phosphoenolpyruvate and D-erythrose 4-phosphate to produce chorismite. Elimination of
phosphoric acid from DAHP generates the intermediate 3-dehydroquinic acid, which is converted into
shikimic acid by dehydration and reduction steps. GA is formed directly from the dehydrogenation of
shikimic acid by shikimate dehydrogenase (SDH) (Dewick, 2002). GA occurs in clove buds (Eugenia

caryophyllata Thunb.) (175 mg/kg), green tea (6 mg/kg—1), and red wine (8—71 mg/L). Red fruits such as

Page 23 of 123



strawberries, raspberries and blueberries, black tea, red wine and nuts are the main dietary sources (Crozier
et al., 2006).

Gallic acid, a trihydroxybenzoic acid, inhibited cell proliferation and survival rate in part, by i) inhibiting
transcription factors AP-1, NF-kB, STATL1 (Fig. 7), and OCT-1 expression in Caco-2 cells (Forester et al.,
2014), and suppressing Wnt/B-catenin signaling (Fig. 5) in HCT-116 cells (Lee et al., 2016), ii) arresting
cell cycle at GO/G1 phase through the decrease of cyclin D1 level (Fig. 4) and iii) inducing apoptosis by
activating caspase-3 expression in Caco-2 cells (Forester et al., 2014), increasing ROS generation and
decreasing MMP in HCT-15 cells (Subramanian et al., 2016). Additionally, GA induced the differentiation
of CSCs and self-renewal capacity through down-regulation of the expression of the CSC markers, CD133,
CD44, DLK1 and Notchl in HCT-116 cancer cells (Lee et al., 2016). In chemically-induced colitis in mice,
GA suppressed the expression level of inflammatory markers such as IL-6, COX-2, and iNOS and the
degradation of the inhibitory protein IkB (Fig. 3) (Pandurangan et al., 2015). Additionally, it reduced the
activation and nuclear accumulation of p65-NF-xB and p-STAT3Y705 in colonic mucosa (Pandurangan et

al., 2015).

4.1.2.2. Ellagic acid

The exact origin of ellagic acid (EA), which is found in relatively low amounts in plant tissues, is unclear.
Rather than being produced directly from gallic acid, it may be derived from ellagitannins, which liberate
hexahydroxydiphenoyl residues upon hydrolysis in the form of free hexahydroxydiphenic acid, which
undergoes spontaneous conversion to EA. EA is a hydroxybenzoate which has been reported to be present
in berries, particularly raspberries (5.8 mg/kg), strawberries (18 mg/kg) and blackberries (88 mg/kg)
(Crozier et al., 2006).

Ellagic acid, a naturally occurring flavonoid, exhibits chemopreventive effects in the line of itsanti-
proliferative and pro-apoptotic activities, as well as its potentiality in modulating signaling pathways. In a

gene expression profile assay, 857 differentially expressed genes were evaluated after EA treatment in colon
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cancer cells. According to the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis, a significant number of molecular targets were altered after EA treatments that were
related with cell proliferation, apoptosis, cell cycle arrest and angiogenesis (Zhao, J. et al., 2017). EA
induced growth inhibitory effects through the suppression of PCNA, cyclin D1, PI3K/Akt and Kras
signaling in differient colon cancer cells (Umesalmaetal., 2015; Yousef et al., 2016a; Yousef et al., 2016b).
A number of studies have presented the apoptotic effects of EA or its metabolites (urolithin A and urolithin
B) in human colon cancer HT-29, Caco-2, HCT-116 and HCT-15 cells. These effects included: i) the
increase ofROS production, ii) the activation of caspase-3, -8, -9 and c-PARP, iii) the promotion of the
expression of Bax and cytochrome c, and suppressed Bcl-2 and iv) the augmentation of DNA fragmentation
(Cho et al., 2015; Yousef et al., 2016b). Regarding in vitro colon cancer model, EA, urolithin A, urolithin
B and isourolithin A inhibited cancer cells progression by arresting the cell cycle at G1, S and G2/M phase
(Choetal., 2015; Gonzélez-Sarrias et al., 2014; Gonzéalez-Sarrias et al., 2017; Yousef et al., 2016b) through
the upregulation of p21 (Cho et al., 2015) and downregulation of cyclin D1 expressions (Fig. 4) (Umesalma
etal., 2015).

Furthermore, EA synergistically increased the anti-proliferative activity of 5-fluorouracil (5-FU) by
activating apoptosis through the decrease of MMP, and increase of Bax/Bcl-2 ratio and caspase-3 activity
in HT-29 cells (Kao et al., 2012). Moreover, urolithin A potentiated the chemopreventive effects of both 5-
FU and 5’DFUR on Caco-2, HT-29 and SW-480 colon cancer cells by blocking the cell cycle at the G2/M
phase by elevating cyclin A and cyclin B1 expressions and inducing apoptosis with increased caspase-8
and -9 activation (Gonzélez-Sarrias et al., 2015). In resistant HT-29 and SW-620 colon cancer cells, EA
derivatives inhibited proliferation by inhibiting the Wnt signaling pathways (Fig. 5) (de Molinaet al., 2015).
Regarding animal models of CRC, EA prevented the carcinogenesis process by targeting diverse molecular
aspects, including i) decrease of TBARS and DNA damage by increasing cellular antioxidant status (Kumar
et al., 2012), ii) downregulation of proliferation marker PCNA expression (Umesalma et al., 2014), iii)

reduction of the ACF formation by modulating the expression of transcription factor c-MY C-dependent
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ornithine decarboxylase (Kumar et al., 2012), iv) decrease of intestinal inflammation by downregulating
iINOS and COX-2, and inhibiting NF-xB, STAT3 and p38MAPK pathways (Marin et al., 2013), v)
promotion of apoptosis by increasing p53 (Umesalma et al., 2014) expression and finally vi) anti-
angiogenesis property and suppressionof MMP-2 and MMP-9 expression in the colon tissue (Umesalma et

al., 2014).

4.1.2.3. Rosmarinic acid

The biosynthesis of rosmarinic acid (RA) starts with precursor molecules L-phenylalanine and L-tyrosine,
using 4-coumaroyl-CoA as a hydroxycinnamoyl donor and hydroxyphenyllactic acid as a
hydroxycinnamoyl acceptor substrate, this reaction is catalyzed by hydroxycinnamoyl transferase (Petersen
et al., 2009). Aromatic herbs are the only dietary sources of RA and include basil (Ocimum basilicum),
marjoram (Origanum marjoram), oregano, melissa (Melissa officinalis), peppermint (Mentha x piperita),
rosemary (Rosmarinus officinalis), sage (Salvia officinalis), spearmint (Mentha spicata) and thyme
(Thymus spp.). A smaller quantity of rosmarinic acid (500 mg/kg dry weight) has been found in the
botanically unrelated borage (Borago officinalis) (Crozier et al., 2006).

Rosmarinic acid has been shown to exert anti-cancer effects mainly activating apoptosis through
mitochondrial and death receptor-mediated pathways. In COLO-205 cells, RA treatment increased the
expression of Fas and FasL, which further activated caspase-8, Bid, Bax and Bad, followed by decreased
MMP and increased cytochrome ¢ and AIF expressions in the cytosol (Cheng et al., 2011). Furthermore,
elevated cytochrome C activated caspase-9 and -3 pursuing the c-PARP and DNA fragmentation (Cheng et
al., 2011).

Regarding in vivo studies using carcinogen-treated CRC models, RA exerted chemopreventive effects by
decreasing polyp incidence and multiplicity, and ACF formation (Karthikkumar et al., 2012;
Venkatachalam et al., 2013), inhibiting abnormal cell proliferation (PCNA) (Karthikkumar et al., 2015) and

preventing oxidative damage by reducing TBARS levels and increasing antioxidant enzymes (SOD,
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catalase, glutathione reductase, GPx and glutathione) activity (Karthikkumar et al., 2012; Venkatachalam
et al., 2013). Furthermore, RA ingestion suppressed the inflammatory mediators including TNF-a, IL-6,
COX-2 and NF-kBexpression (Fig. 3) (Karthikkumar et al., 2015), as well as increased apoptosis by
elevating the expression of caspase-3, -9, Bax and p53, and suppressed Bcl-2 expression (Venkatachalam

et al., 2016) in the colonic tissue.

4.1.2.4. Caffeic acid

Caffeic acid is one of the intermediates in the plant phenylpropanoid pathway starting from the deamination
of phenylalanine, which generates cinnamic acid. This is followed by two-step sequential hydroxylation at
the 4- and 3-position of the benzyl ring, and cinnamic acid is then converted into caffeic acid via p-coumaric
acid. The most abundant hydroxycinnamic acid in food is 5-O-caffeoylquinic acid, the ester of caffeic acid
with quinic acid, widely referred to as chlorogenic acid. Coffee is the major dietary source of chlorogenic
acids. Apples, red wine, green tea, apricots and prunes contain modest levels of caffeic acid. Herbs are the
dietary source of a-hydroxyhydrocaffeic acid, a conjugate of caffeic acid, at concentrations ranging from
10 to 20 g/kg dry basis (Crozier et al., 2006).

Caffeic acid or its derivatives can be considered as a chemopreventive agent in preclinical CRC models
both in vitro and in vivo through the modulation of multiple pathways. In HCT-116, SW-480 and HT-29
cells, caffeic acid phenethyl ester and caffeic acid phenylpropyl ester suppressed cells proliferation by
downregulating the expression of p-Akt, mTOR,Erk1/2 and NF-xB, and increasing AMPK (Chiang et al.,
2014)and p38MAPK (Tang et al., 2017) signaling cascades. This phytochemical activated apoptosis in a
panel of colon cancer cells by generating ROS, decreasing MMP (Jaganathan, 2012) and elevating p53,
Bax, caspase-3 (Tang et al., 2017), PARP (Yim et al., 2012) and cytochrome c expression, while Bcl-2
expression was decreased (Tang et al., 2017). Furthermore, it arrested the cell cycle at the GO/G1 phase by
suppressing the expression of CDK2, CDK4, cyclin D1, cyclin E,c-MYC and PCNA proteins and elevating

the expression of p21cipl/wafl and p27kipl proteins in HCT-116, HT-29 and SW-480 colon cancer cells
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(Fig. 4) (Chiang etal., 2014; Tang et al., 2017). In a xenograft model of CRC, similar effects were observed
with a decrease of tumor growth and increase in survival rate (Chiang et al., 2014; Tang et al., 2017).
Furthermore, caffeic acid elevated the EMT marker E-cadherinin with the suppression of N-cadherin,
MMP-2 and VEGF expression, inducing anti-invasive and anti-angiogenesis activity (Chiang et al., 2014;

Tang et al., 2017).

4.1.3. Resveratrol

Trans-resveratrol, 3,4,'5-trihydroxy-trans-stilbene, is synthesized by condensation of p-coumaroyl CoA
with three units of malonyl CoA, each of which donates two carbon atoms in a reaction catalysed by stilbene
synthase (STS). Resveratrol occurs as both cis and trans isomers and is present in plant tissues primarily as
trans-resveratrol-3-O-glucoside, which is known as piceid and polydatin. A study by Burns et al. determined
the levels of trans- and cis-resveratrol in different plants. Grapes (Vitis vinifera L.) were found to mainly
contain trans-resveratrol glucoside in concentrations ranging from 1.5 to 7.3 pg/g. Aglycone trans-
resveratrol was also present in two of the four tested grape samples at a concentration of 0.5 ug/g, while
cis-resveratrol was not present in detectable amounts in any of the samples analyzed. The stilbene content
of grapes is dictated by three factors: cultivar, disease pressure, and time (Burns et al., 2002).

Resveratrol has been known to generate a comprehensive favourable effect on human health including CRC
prevention. A number of studies introducing the anticancer effects of resveratrol in CRC cells or animal
models found that it modulated several oncogenic targets, significantly inhibiting colon cancer cell
proliferation via suppression of the proliferation marker (Ki-67) and various signaling pathways including
NF-xB (Fig. 3) (Buhrmann et al., 2016), Ras, Raf, MEK, Erk1/2(Fig. 2) (Chen et al., 2016), PI3K/Akt (Fig.
6) and Wnt/B-catenin (Fig. 5) (Liu, Y.-Z. et al., 2014), as well as elevating PTEN (Liu, Y.-Z. et al., 2014),
PCNA (Yuan et al., 2016), SIRT1 expression (Buhrmann et al., 2016), and modulating focal adhesion
molecules (Buhmann et al., 2017). Additionally, resveratrol disrupted B-catenin/TCF complex formation,

which decreased Wnt target genes such as cyclin D1, T brachyuryand conductin (Chen et al., 2012).
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Interestingly, resveratrol increased the expression of bone morphogenetic protein 9, activating
p38 MAPK for inducing anti-proliferative effects in LoVo colon cancer cells (Yuan et al., 2016). In rodent
models of CRC, resveratrol reduced tumor growth (Yuan et al., 2016), incidence, and mortality rate by
inhibiting the expression of Kras, Braf, Erk, PI3K/Akt and B-catenin pathways in the colon tissue (Liu, Y-
Z.etal., 2014; Saud et al., 2014).

Resveratrol induces anti-inflammatory effects via the inhibition of endotoxin-induced NF-kB activation in
human colon cancer Caco-2 and SW-480 cells (Fig. 3) (Panaro et al., 2012). It has been observed that in
LPS-treated colon cancer cells resveratrol treatment suppressed both protein and mRNA expression of
iNOS and decreased the production of nitric oxide, as well as inhibited the expression of TLR4 and the
phosphorylation and degradation of thelxkB complex (Panaro et al., 2012). Additionally, this phytochemical
also suppressed the expression of PGE2 and COX-2 and reduced the levels of PGE2 receptors, EP1, EP3,
and EP4 both in in vitro and in vivo colon cancer models (Feng et al., 2016). Furthermore, Vam3, a
resveratrol dimer, was effective in attenuating the chemically induced colitis associated tumor in rat models,
by suppressing the expression of active NF-xkBp65 and inflammatory cytokines (IL-6, TNF-a and mouse
mast cell protease-1), as well as decreasing infiltration of mast cells and CD11bC GriC cells, which exhibit
a key role in inducing chronic inflammation (Xuan et al., 2016).

Resveratrol induced apoptosis by activating mitochondria-mediated and non-mediated pathway by
upregulating the expression of the pro-apoptotic proteins Bok, Bak1, Bik, Bad, Noxa, Bax, Apafl and p53,
and at the same time downregulating the expression of anti-apoptotic proteins Bcl-xL, Bcl-2 and Baglin
SW-620 and LoVo cells (Chen et al., 2016; Yuan et al., 2016), as well as increasing the cleaved form of
PARP, caspase-3, -7 and -9 in SW-620, Caco-2 and HCT-116 cells (Chen et al., 2016; Liu, B. et al., 2014).
Another analogue of resveratrol, bakuchiol, induced TRAIL-associated apoptosis by increasing TRAIL
receptors, DR4 and DR5, and caspase-3, -8, -9 and PARP expression via targeting ROS/IJNK signaling
pathway in HCT-116 (TRAIL sensitive) and HT-29 (TRAIL resistant) colon cancer cells (Park et al., 2016).

Furthermore, in HCT-116 cells, HS-1793, a synthetic analogue of resveratrol, induced apoptosis on colon
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cancer cells by altering of Bax/Bcl-2 ratio, increasing cytochrome c, caspase-3 and c-PARP expression, and
suppressing PI3K/Akt signaling, which induced apoptosis (Kim et al., 2017). Furthermore, resveratrol or
its analouge arrested cell cycle at G1 (Liu, B. et al., 2014; Polycarpou et al., 2013), S (Aires et al., 2013;
Yuan et al., 2016) and G2/M (Kim et al., 2017) phase, suppressing the progression of colon cancer cells.
The expression of cyclin-CDK ckeckpoint proteins cyclin D1, CDK2, CDK4 and PCNA was lowered (Liu,
B. et al., 2014; Polycarpou et al., 2013), while p21 levels were elevated after treatment with resveratrol
(Fig. 4) (Aires et al., 2013; Liu, B. et al., 2014).

The metabolites of resveratrol suppressed metastatic colon cancer SW-480 cell progression by increasing
phosphorylated-histone H2AX expression, and increasing p53 levels (Aires et al., 2013). Additionally, Bax,
c-PARP and caspase-3 expression evaluation confirmed the apoptosis induction mediated by resveratrol
metabolites (Aires et al., 2013). Pterostilbene is a resveratrol derivative and its metabolite pinostilbene
significantly altered the major signaling pathways related to cell propagation, cell cycle and apoptosis by
increasing the expression of p53, Bax, c-caspase-3 and c-PARP, and p21cipl/wafl, as well as decreasing
the expression levels of cyclin E and p-Rb in HT-29 and HCT-116 colon cancer cells (Sun et al., 2016). 3-
hydroxypterostilbene (HPSB), a natural analogue of pterostilbene, induced chemopreventive effect both in
in vitro and in vivo CRC models (Cheng et al., 2014). In CRC cells, it significantly suppressed cell growth
through the downregulation of p-mTOR/p70S6K, PI3K/Akt, p-JNK-1/2, p-Erk-1/2 and p-38MAPK
signaling pathways, induced apoptosis by increasing c-PARP and DFF-45, caspase-3, -8 and -9 expression,
and activated autophagy via the increase of LC3B I/Il proteins (Cheng et al., 2014). In a xenograft mice
model, HPSB suppressed tumor growth through the down-regulation of the expression of MMP-9, VEGF,
cyclin D1 and COX-2, as well as by the activation of apoptosis in colon tumors (Cheng et al., 2014).

The in vitro anti-invasive and anti-metastasis activity of resveratrol was associated with inhibition of MMP-
7 (Ji et al., 2013), MMP-9 and C-X-C chemokine receptor type 4 (CXCR4) (Buhrmann et al., 2016) in

colon cancer cells.
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Several studies addressed the synergistic effect of resveratrol with the combination of natural precursor,
etoposide or chemopreventive drug on human colon cancer cell lines (De Maria et al., 2013; Kumazaki et
al., 2013; Reddivari et al., 2016). The synergistic effect was accompanied by inhibiting the growth of Caco-
2 and DLD-1 cells through downregulating MAPK, Erk-1/2, PI3K/Akt and STAT3 signaling pathways and
increasing apoptosis by p53 activation and c-PARP expressions (De Maria et al., 2013; Kumazaki et al.,
2013). Another combination of resveratrol and grape seed extract induced chemopreventive activity by
eliminating colon CSC in in vitro and in vivo models of colon carcinogenesis. This combined treatment
suppressed Wnt/B-catenin signaling (Fig. 5), cyclin D1 and c-MYC and increased mitochondrial-mediated

apoptosis by elevating p53, cytochrome ¢, Bax/Bcl-2 ratio and c-PARP (Reddivari et al., 2016).

4.1.4. Curcumin

Curcumin derives from the rizome of turmeric, Curcuma longa L., a member of the ginger family,
Zingiberaceae. PAL catalyses the first step in this pathway, the conversion of I-phenylalanine to cinnamic
acid, which in a reaction catalysed by C4H is converted to p-coumaric acid. This is metabolized via a series
of hydroxylation and methylation reactions, which leads to ferulic acid. Cinnamin acid, p-coumaric acid
and ferulic acid are three different precursors of curcuminoids. Curcuminoid synthase (CUS) is the enzyme
responsible for the final steps in the synthesis pathway of curcumin, demethoxycurcumin, and
bisdemethoxycurcumin (Katsuyama et al., 2009).

Curcumin can modulate several growth factors and signaling pathways that are accountable for initiation,
proliferation and progression of colon cancer. In a panel of colon cancer cells curcumin or its analogue
inhibited cellular proliferation or survival rate by targeting various signaling pathways, including the
suppression of the expression of EGFR (Qiu et al., 2013), PI3k/Akt/mTOR (Fig. 6) (Jiang et al., 2014; Sato
et al., 2017; Wang, J. et al., 2016; Zhu, J. et al., 2013) and its downstream targets EIF2, elF4/p70S6K
(Wang, J. et al., 2016), MEK (Fig. 2) (Fenton and McCaskey, 2013), Wnt/B-catenin (Fig. 5) (Zhang, Z. et

al., 2016), GSK-3p kinase (He et al., 2016; Jiang et al., 2014; Montgomery et al., 2016; Murthy et al., 2013;
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Sankpal et al., 2016; Sufi et al., 2017; Waghela et al., 2015) and NF-«xB (in the presence of TNF-a) (Fig. 3)
(Waghela et al., 2015), as well as the increase in the expression of p-Erk1/2 and p-AMPK (Sato et al., 2017)
signaling. Additionally, curcumin treatment induced mitochondrial dysfunction, and lysosomal and
autophagy activation for inducing cell death, which are usually accompanied by an enhancement in ROS
generation, for the development of autophagosome and autosomal degradation, and in lysosomal protein
Lampl and heat shock protein 70 (HSP70) expressions (Wang, J. et al., 2016). Interestingly, curcumin and
several curcumin analogs induced chemopreventive activity in HCT-116 cells by activating nuclear
receptors, such as the retinoic acid receptor, vitamin D receptor and retinoid X receptor, inducing similar
benefits like vitamin D and A (Batie et al., 2013).

In colon cancer DLD-1, SW620, LoVo, HCT-116 and HT-29 cells, six different types of curcumin
analogues suppressed EGFR expression and tyrosine phosphorylation and demonstrated pro-apoptotic
effects through the modulation of different molecular targets: increased cytosolic p53, released cytochrome
c, activated caspase-3,-7,-9, c-PARP, increased ratio of Bax/Bcl-2 and ROS generation, and finally
decreased MMP (Basile et al., 2013; He et al., 2016; Jiang et al., 2014; Montgomery et al., 2016; Murthy
et al., 2013; Qiu et al., 2013; Sankpal et al., 2016; Sufi et al., 2017; Waghela et al., 2015; Zhang et al.,
2017). Furthermore, curcumin analogue significantly reduced the levels of HSP70 and HSP90, with the
former by directly inhibiting apoptosis whereas with the latter by stabilizing various growth factor
receptors, including EGFR (Qiu et al., 2013). Over-expression of GRP78 has been related to the increased
therapeutic efficacy of curcumin on HT-29 and DLD-1 colon cancer cells by altering apoptosis-related
signaling molecules (Bcl2, Bax and Bad) (Chang et al., 2015). Furthermore, curcumin induced Prp4-
mediated apoptosis in HCT-15 colon cancer cells by ROS generation and by inhibiting Prp4 expression
(Shehzad et al., 2013).

Synthetic derivatives of curcumin induced ER stress-mediated apoptosis in CT-26 cancer cells by activating
PERK, elF2a, ATF4, and GADD153/CHOP expression (Zhang et al., 2017). The effects were also

confirmed in a xenograft model of colon cancer, where an inhibition of tumor growth was evidenced
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(Zhang et al., 2017). Moreover, autophagic cell death was observed in SW-620 colon cancer cells after
curcumin treatment, by activating lysosomal pathway through the upregulation of TFEB, Lampl, Atp6vla,
Uvrag and Atg9b, and LC3 expression, as well as inhibition of p62, Akt and mTOR signaling pathway
(Zhang, J. et al., 2016). Curcumin derivatives also induced ER stress-mediated autophagy in p53 positive
HCT-116 colon cancer cells by increasing activation of CHOP, DR5, ATF6, XBP1, GRP78 and HERPUD1
(Basile et al., 2013). The autophagic feature was confirmed by the increased formation of autophagosome
and LC3-I to LC3-I1 conversation in a Beclin-1 independent manner (Basile et al., 2013).

Curcumin and its analogue treatment arrested the cell cycle at GO/Gland G2/M (He et al., 2016; Jiang et
al., 2014; Montgomery et al., 2016; Murthy et al., 2013; Sankpal et al., 2016; Sufi et al., 2017; Waghela et
al., 2015; Zhang et al., 2017) phase in colon cancer SW480, SW620, CT-26, HCT-116 and HT-29 cells by
targeting signaling checkpoint proteins (Fig. 4), such as p21waf-1/cip-1 (Qiu et al., 2013), cyclinD1 (He et
al., 2016; Jiang et al., 2014; Montgomery et al., 2016; Murthy et al., 2013; Qiu et al., 2013; Sankpal et al.,
2016; Sufi et al., 2017; Waghela et al., 2015), cyclin B1, cdc2 (Zhang et al., 2017), cyclin E1 and Rb (Qiu
etal., 2013).

In LoVo and SW-480 colon cancer cells the anti-invasive efficacy of curcumin was associated also with
the activation of AMPK and the consequent inhibition of p65-NF-kB, uPA and MMP-9 (Tong et al., 2016).
Moreover, it inhibited EMT by increasing NKD2, E-cadherin and axin expressions, and decreasing f3-
catenin, vimentin and CXCR4 (Zhang, Z. et al., 2016), and adhesion molecules such as Zeb 1, Hef 1 and
Claudin 1 expression (Esmatabadi et al., 2015). Analogue of curcumin exhibited anti-angiogenesis activity
by decreasing NF-«kB expression, which led to a reduction in the expression of HIF-1a, VEGF, p-STAT-3
and COX-2 in HCT-116 and HT-29 colon cancer cells (Rajitha et al., 2017). In agreement with the in vitro
study, similar effects were observed in a mouse model of colon cancer (Rajitha et al., 2017).

Curcumin or its analogue, combined with other natural compounds or with chemopreventive drugs,
stimulated apoptosis, through the activation of caspase cascade, c-PARP, Bax/Bcl-2 ratio, ROS and ROS

mediated JNK activation, as well as the reduction of MMP and the transcription factors Sp1, survivin and
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NF-kB expression, highlighting an enhanced therapeutic effects (He et al., 2016; Jiang et al., 2014;
Montgomery et al., 2016; Murthy et al., 2013; Sankpal et al., 2016; Sufi et al., 2017; Waghela et al., 2015)
in a panel of colon cancer cells. Co-delivery of curcumin with TRAIL increased the TRAIL-induced
apoptosis effects by increasing DR4 and DR5 both in in vitro and in vivo models (Yang et al., 2017).
Interestingly, in an artificially created tumor microenvironment, curcumin treatment synergistically
increased the treatment efficacy of 5-FU by decreasing the crosstalk between CSC and fibroblasts through
the suppression of the expression of NF-kB and TGF-B/p-Smad-2 (Buhrmann et al., 2014). Moreover,
combined therapy of curcumin analogue and 5-FU induced more pronounced effects compared to drug or
compound alone in colon cancer SW-480 and SW-620 cell lines. This combination induced apoptosis by
elevating ROS generation and increasing Bax/Bcl-2 and cytochrome ¢ expression, arresting cell cycle at
GO/G1 phase, and enhancing ER stress via the upregulation of CHOP and Noxa expression (Zhao, H. et al.,
2017). In chemoresistant colon cancer cells, curcumin increased the therapeutic efficiency of conventional
drugs by inhibiting the proliferative targets cyclin D1, NF-xB, IxkBa, PI3K and Src which are activated after
drug treatment (Shakibaei et al., 2015; Shakibaei et al., 2013). Additionally, this combination also activated
apoptosis through the increase of pro-apoptotic proteins caspase-3, -8, -9, Bax and PARP expression, as
well as decreasing expression of anti-apoptotic Bcl-xL (Shakibaei et al., 2015; Shakibaei et al., 2013). In
erlotinib resistant colon cancer cells, curcumin modified the drug resistance signaling pathway by
suppressing the expression of a, B integrin and increase in the expression of the PDK4 gene (Javadi et al.,
2017). Furthermore, curcumin potentiated the anti-invasive and anti-metastasis activity of 5-FU in HCT-
116 cells by suppressing the expression of the CXCR4 and MMP-9 gene (Shakibaei et al., 2015).

In an experimentally induced mouse model of CRC, the anti-neoplastic effect of curcumin was enhanced
when it was administered together with diclofenac (Rana et al., 2015a, 2015b). Both agents inhibited P13-
K/Akt/PTEN pathway (Fig. 6) by activating a mitochondrial dependent apoptotic mechanism that is
connected with increased expression of pro-apoptotic proteins (Bad and Bax), caspases-3, -9 levels, and

concomitant decrease in anti-apoptotic protein (Bcl-2) levels (Rana et al., 2015a). Furthermore, diclofenac
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and curcumin overcame the carcinogenic effects of DMH by downregulating telomerase activity, arresting
cell progression by diminishing the expression of CDK4, CDK2, cyclin D1 and cyclin E, and consequently
activating p53, Rb and p21 expression (Fig. 4) (Rana et al., 2015b). Curcumin significantly attenuated the
severity of DSS-induced colitis by suppressing cyclin D1 and CDK4 expression and inhibiting STAT3
signaling (Fig. 7) in mouse colon (Yang et al., 2013). Furthermore, curcumin enhanced the treatment
efficacy of high protein diet by suppressing the inflammatory markers (iNOS, COX-2, TNF-a and NO) and
reducing colonic proliferation and toxic metabolites (Byun et al., 2015) in the colon and plasma. Oral
ingestion of curcumin suppressed the development of pre-neoplastic lesions in the mouse colon by
decreasing the expression of TNF-a, COX-2, IL-6, and NF-xB (Fig. 3), as well as increasing AMPK
expression (Kubota et al., 2012; Murakami et al., 2013). Furthermore, in obese rat CRC model, combination
of curcumin with salsalate decreased pro-inflammatory markers (IL-1p and IL-6), and Akt and NF-xB
signaling more significantly compared to curcumin alone (Wu et al., 2017). Curcumin also improved the
adipocytokine imbalance by decreasing leptin levels and fatweights (Kubota et al., 2012). Moreover,
curcumin reduced oxidative and nitrosative stress, and arginase activity, by inducing apoptosis and
suppressing iNOS, increasing TGF-1 and HES-1expressions as well as reducing ACF formation in the

mouse colon (Bounaama et al., 2012).

4.2. Terpenoids

Terpenoids are derived from the universal C5 precursor isopentenyl diphosphate (IPP) and their
allylicisomer dimethylallyl diphosphates (DMAPP), which in higher plants are generated through two
independent pathways located in separate intracellular compartments. In cytosol, IPP is derived from
the long-known mevalonic acid pathway, which starts with the condensation of acetyl-CoA, while in
plastids IPP is formed from pyruvate and glyceraldehydes 3-phosphate. In the second phase of terpene
biosynthesis, IPP and DMAPP are used by prenyltransferases in head-to-tail condensation reactions to

produce geranylgeranyl diphosphate (GGDP), generanyl diphosphate (GDP) and farnesyl diphosphate
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(FDP), precursors of monoterpenes, sesquiterpenes and diterpenes. In the third stage of terpene
biosynthesis, the allylicprenyldiphosphates of GDP, FDP and GGDP are used by terpene syntetase to

form monoterpenes, sesquiterpenes, and diterpenes, respectively (Cheng et al., 2007).

4.2.1. Ursolic acid

Ursolic Acid (UA), a natural pentacyclic triterpenoid carboxylic acid, is effective in inhibiting the growth
of CRC in in vitro and in vivo models by suppressing multiple biomarkers of inflammation, proliferation,
invasion, angiogenesis and metastasis. For example, UA treatment significantly suppressed the
phosphorylation of STAT3 (Fig. 7), Akt/mTOR (Fig. 6), Erk1/2, INK, p38MAPK (Fig. 2) and p70S6K, as
well as the key mediators of sonic hedgehog signaling in both in vitro and in vivo in colon cancer models
(Linetal., 2013a; Lin et al., 2013b; Wang, J. et al., 2013b). UA enhanced apoptotic cell death in genetically
modified colon cancer cells by increasing ROS generation and modulating multiple apoptotic markers
through the increase of Bax, cleavage of caspase-3, -9 and PARP, the release of cytochrome c, and the
reduction of Bcl-2, Bel-xL, cFLIP, cyclin D1 and survivin expression (Koh et al., 2012; Lin et al., 2013b;
Prasad et al., 2012; Wang, J. et al., 2013b). Moreover, it suppressed cell growth by arresting the cell cycle
at G1/S phase by suppressing cyclin D1 and CDK4 expression as well as increasing p21 expression (Fig.
4) (Lin et al., 2013b).

UA exerted anti-inflammatory effects by inhibiting constitutive activation of COX-2, PGE2 and NF-xB
(Prasad et al., 2012; Wang, J. et al., 2013b). Additionally, UA and its derivatives inhibited APC-mutated
colon cancer cells growth by promoting the N-terminal phosphorylation and consequent proteasomal
degradation of B-catenin and its dependent gene cyclin D1, c-MYC and AXIN 2 (Fig. 5) (Kim, J.-H. et al.,
2014).

Anti-invasive and anti-angiogenesis activity was also found in colon cancer cells after UA treatment,
through the downregulation of the expression of MMP-2, VEGF, ICAM-1 and bFGF, and upregulation of

CDHL1 expression (Prasad et al., 2012; Shan et al., 2016; Wang, J. et al., 2013a; Wang, J. et al., 2013b).
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These effects were also confirmed in a xenograft model of CRC (Lin et al., 2013a). Furthermore, in
chemoresistant colon cancer RKO, LoVo, and SW-480 cells, UA suppressed MDR1 expression by reducing
HIF-1a accumulation and downregulated VEGF expression (Shan et al., 2016). A more prominent effect
was observed when UA was combined with capecitabine (Prasad et al., 2012) or melatonin (Wang, J. et al.,
2013a) in LoVo, HCT-116 and SW-480 colon cancer cells. In a mouse model of CRC, UA ingestion
significantly repressed ascites formation, tumor volume and distant organ metastasis by suppressing
microvessel density (CD31) and biomarkers of proliferation (Ki-67), and subsequently inhibiting the

expression of EGFR, STAT3, NF-«xB, and B-catenin (Prasad et al., 2012).

4.2.2. Betulinic acid

On HT-29 and HCT-116 colon cancer cells, the anticancer activity of betulinic acid, a naturally occurring
pentacyclic triterpenoid, and its analogue are associated with an increase in apoptosis through i) the increase
of ROS generation and DNA fragmentation and ii) the reduction of MMP activity, increase of caspase-3,-
9, Bax and Bad, as well as decrease of Bcl-xl and Bcl-2 expressions (Chakraborty et al., 2015). Similarly,
betulinic acid analogue induced autophagic death of HT-29 cells by altering the expression of Atg 5, Atg7,
Atg5-Atg 12, LC3B, Beclin-1 and p62 proteins. In addition, this analogue treatment induced
autophagolysosome formation with colocalization of LAMP-1 with LC3B, and p62 with lysosomes and

decreased the proteasomal degradation pathway (Dutta et al., 2016).

4.3. Organosulfur Compounds

Organosulfur compounds include glucosinolates (GSL) derived from the glucosinolate—myrosinase
(substrate—enzyme) system found in cruciferous crops such as cabbages, broccoli (Brassica oleracea L.)
and watercress (Nasturtium officinale R. Br.), and those derived from the alliin-alliinase system found
within Allium crops, such as garlic (Alluim sativum L.), onions (Alluim cepa L.) and leeks (Alluim porrum

L.). The myrosinase-glucosinolate system catalyzing hydrolysis of GSL initially involves cleavage of the
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thioglucoside linkage, vyielding D-glucose and an unstable thiohydroximate-O-sulphonate which
spontaneously rearranges, resulting in the production of a sulphate and one of a wide range of possible
reaction products. In Allium species, sulphur-containing compounds are formed by the hydrolysis of non-
volatile alkyl and alkenyl-substituted I-cysteine sulphoxides due to the action of the enzyme alliinase
following tissue disruption. Of these precursors, 2-propenyl-I-cysteine sulphoxide (alliin) is characteristic
of leeks and garlic, and 1-propenyl-I-cysteine sulphoxide (isoalliin) is characteristic of onions. Methyl and
propyl-I-cysteine sulphoxides also occur in these and other Allium species (Crozier et al., 2006). According
to epidemiologic studies, an opposite link was observed between the ingestion of organosulfur compounds

and the frequency of various types of cancer (Moriarty et al., 2007).

4.3.1. Sulforaphane

Sulforaphane is an isothiocyanate that induces chemopreventive activity in in vitroand in vivo CRC models
by modulating multiple molecular mechanisms. For example, it induced apoptotic death of colon cancer
HCT-116 and Caco-2 cells by i) increasing ROS production and Ca?" levels, and decreasing MMP, ii)
activating cytochrome ¢, DR4, DR5, TRAIL and caspase-3, -8,-9, -4 and PARP cleavage, iii) upregulating
pro-apoptotic proteins (Bid and Bax) and downregulating anti-apoptotic proteins (XIAP, Bcl-2 and Mcl-1)
(Lan et al., 2017; Liu et al., 2016; Wang, M. et al., 2012), iv) activating MEK2, JNK, Erk1/2 and p38
signaling pathways (Fig. 2) (Byun et al., 2016; Lan et al., 2017) and v) increasing ER stress associated
protein (Calpain 1, ATF6a, ATF6B, GADD153, and GRP78) expressions (Liu et al., 2016; Wang, M. et al.,
2012). Several studies also reported that the anti-proliferative effects of sulforaphane are associated with
the arrest of cell cycle at G1 and G2/M (Byun et al., 2016; Liu et al., 2016; Wang, M. et al., 2012) phase,
by upregulating p27kipl (Chung et al., 2015), cyclin A, cyclin B, CDK2, and WEEL1 (Liu et al., 2016;
Wang, M. et al., 2012) as well as downregulating SKP2 (Chung et al., 2015), cdc25C and CDK1 (Liu et

al., 2016; Wang, M. et al., 2012) protein expressions (Fig. 4).
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Additionally, sulforaphane inhibited microtubule polymerization and elicited ROS generation via
glutathione depletion in HCT-116 cells (Byun et al., 2016), while in HT-29 and Caco-2 cells it regulated
Nrf2 activity by inducing phase Il enzyme, uridinediphosphate-glucuronosyltransferase 1A (UGT1A)
expression, which plays a vital role in detoxifying procarcinogenesis or in the carcinogenesis process
(Wang, M. et al., 2012). Moreover, rapamycin increased the chemopreventive effects of sulforaphane by
activating autophagy by inducing LC3-11, and increasing UGT1A through continuous activation of Nrf2
and hPXR signaling pathways (Wang, M. et al., 2013; Wang et al., 2014). The novel thiourea-functionalized
silicon nanoparticles (SiNPs) have been effectively synthesized using sulforaphane and allylamine and
investigated for their anticancer effects specifically utilizing the EGFR inhibitory activity. The results
suggested that this novel nanosystem degraded overexpressed EGFRin colon cancer Caco-2 cells (Behray
et al., 2016). Under hypoxic conditions, sulforaphane inhibited colon cancer HCT-116 cell angiogenesis
and migration by inhibiting HIF-10. and VEGF expression (Kim et al., 2015). Moreover, in a xenograft
mouse model of CRC, supplementation of sulforaphane significantly reduced tumor volume and increased

CDK1, MK2, and p38 phosphorylation in colon tissue (Byun et al., 2016).

4.3.2. Indole-3-carbinol

Only a limited number of studies have addressed the anti-cancer effects of indole-3-carbinol (hydrolysis
form glucobrassicin) in colon cancer cells. Indole-3-carbinol or its derivatives induced cytotoxic effects in
HT-29 and HCT-116 colon cancer cells by inhibiting Akt and its downstream targets such as mTOR (Fig.
6) and GSK-3p (Fig. 5) and induced apoptosis by activating the pro-apoptotic proteins p53 and p21, and
decreasing the anti-apoptotic protein Bcl-2 and Akt-mediated phosphorylation of ASK1 (Ser83) (Kim et
al., 2011). Additionally, the oral consumption of this potent Akt inhibitor inhibited cancer cell growth in in
vivo xenograft animal model (Kim et al., 2011). In poorly differentiated colonic cancer Colo-320 and HCT-
116 cells, indole-3-carbinol derivatives elevated N-MYC downstream regulated gene-1 (NDRG1)

expression, inducing apoptotic cell death (Lerner et al., 2011). In colon cancer SW-480 and HCT-116 cells,
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another derivative of indole-3-carbinol inhibited the cell cycle progression through reducing the levels of

cyclin D1 and A, and inhibited TNF-a induced NF-«B activation (Fig. 3) (Fadlalla et al., 2015).

5. Metabolic engineering of dietary phytochemicals

5.1. Metabolic engineering strategy for flavonoid production in plants

Over the past decade, increasing knowledge of flavonoid biosynthesis and the important function these
compounds serve in plants, animals and human nutrition have made the biosynthetic pathways to flavonoids
and isoflavonoids excellent targets for metabolic engineering. Recent strategies have introduced novel
structural or regulatory genes, and the antisense or sense suppression of genes in these pathways (Crozier
et al., 2006). For example, tomatoes (Solanum lycopersicum L.) naturally only produce low amounts of
kaempferol and quercetin in the fruit peel, and the introduction and over expression of the regulatory genes
Lc and C1 from maize led to an increase in kaempferol formation of up to 60%, mainly in fresh fruits.
Moreover, introducing the CHI gene from Petunias resulted in an increase of up to 70% in quercetin
formation in peel. Expressing Lc and C1 in potatoes (Solanum tuberosum L.) also led to a marked
accumulation of kaempferol in the tubers (Forkmann and Martens, 2001). Isoflavones are primarily limited
to legumes, with the first step in biosynthesis being catalysed by isoflavone synthase (IFS). Recent cloning
of the gene encoding IFS has opened the way for engineering isoflavone formation in crop plants that
normally lack these compounds. Introducing the soybean IFS gene driven by the 35S promotor in non-
legume plants resulted in the conversion of naringenin to the isoflavone genistein, a phytoestrogen of high
medical interest.

The greatest enrichment in anthocyanins has been engineered in purple tomatoes by combining the
expression of an R2R3MYB protein (Rosea 1) and a bHLH protein (Delila) from snapdragons (Antirrhinum
majus) (Butelli et al., 2008). The success in engineering tomatoes was the expression of regulatory genes
under the control of their specific promoter (from the E8 gene of tomatoes) that is activated once fruit has

reached complete development and flavor synthesis has been completed. The cultures yield substantially
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more (~20 mg/g dry weight) anthocyanins than conventional cultures (~1-2 mg/g dry weight) (Zhang et
al., 2014).

Bogs et al. have shown that overexpression of VVMYBPA1 or VVMYBPAZ2 in grapevine hairy roots
induces an approximately 5-fold increase in accumulation of condensed tannins (CT). The CT composition
of VWMYBPAL and VVMYBPA2 over expressing hairy roots is very similar, with a significant increase in

EGC and almost no change in the degree of polymerization and level of CT galloylation (Bogs et al., 2007).

5.2. Metabolic engineering strategy for phenols.

Carbon flux into the phenylpropanoid pathway is regulated by PAL, one of the most thoroughly studied
plant enzymes. PAL transformes L-phenylalanine (L-Phe) to trans-cinnamic acid (t-CA) and ammonia.
Bauer et al. studied the impact of PAL activity on phenolic production in transgenic roots of Coleus blumei
benth harbouring the Arabidopsis thaliana PAL1 gene, under the control of the CaMV 35S promoter, along
with empty vector and wild-type roots. Transgenic roots with high PAL activity (between 67 and 350 %)
had lower growth rates, lower amounts of total phenolics, RA and chlorogenic acid, but increased
concentrations of caffeic acid compared to wild-type (Bauer et al., 2011).

Muir et al. integrated mutant Escherichia coli (E. coli) aroE, devoid of functional SDH, with the plant gene
from A. thaliana and Juglans regia L., so as to produce GA. In addition, transgenic Nicotiana tabacum

lines expressing Juglans regia SDH produced a 500% increase in GA accumulation (Muir et al., 2011).

5.3. Metabolic engineering of resveratrol
Many authors have explored overexpression of Vsts genes as a valuable strategy for increasing trans-
resveratrol concentrations. For example, the inclusion of the Vitis Vsts gene in various plants was found to

increase trans-resveratrol levels. In fact, the highest trans-resveratrol levels (around 350 mg/g-1 dry weight)
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were obtained after transforming the genome of 41B rootstock with a chimeric gene combining alfalfa PR10
promoter and Vstsl (Coutos-Thévenot et al., 2001).

Another metabolic engineering approach employed in the production of resveratrol uses microorganisms
as cell factories for high production of phytochemicals. Studies by Watts et al. (2006) introduced and
expressed gene coding for 4-coumaroyl Coa ligase from A. thaliana, and STS from Arachis hypogaea, L.
in E. coli. The production of resveratrol in this recombinant strain is > 100 mg/l when phenylpropionic acid
precursor is added to the medium. The same strategy has also been exploited in S. cerevisiae with results
comparable to those obtained in E. coli (Beekwilder et al., 2006).

Finally, resveratrol can be obtained from commercial feedstocks with an overall yield of about 71 % (Farina

et al., 2006).

5.4. Production of curcuminoids by Escherichia coli (E. coli)

The efficient production of curcuminoid in E. coli has been attributed to the use of CUS - a type IlI
polyketide synthase - and exogenous supplementation with corresponding precursors. Katsuyama et al.
(2008) efficiently produced curcuminoids in recombinant E. coli constructed with an artificial
biosynthetic pathway comprising PAL (from Rhodotorula rubra), C4H (from Lithospernum
erythrorhizon Siebold & Zucc) and CUS (from Oryza sativa L.) in tyrosine and/or phenylalanine
medium, with yields from 20 to 100 mg/1. Improved yields between 90 and 110 mg/l were achieved
upon removal of PAL in a different system, which increased p-coumaroyl-CoA concentration using
phenylpropanoid acids (p-coumaric acid, cinnamic acid and ferulic acid) as supplementing agents
(Katsuyama et al., 2008).

5.5. Metabolic engineering of terpenoids

The first studies aimed at altering the monoterpene profile of plants focused on mint (Mentha spp.) and
petunias (Petunia atkinsiana D. Don ex W.H. Baxter). The aim was in overexpressing the gene from

spearmint (Mentha spicata L.) encoding limonene synthase (MsLS) in peppermint (Mentha piperita L.)
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stable integration of the gene was successfully induced, but the terpene profile of the plants was not clearly
altered. Arabidopsis was found to be an extremely useful model plant in metabolic engineering strategies
aimed at increasing terpenoid production. To evaluate the potential of Arabidopsis in producing
monoterpenoid and sesquiterpenoids, Aharoni et al. (2003) used the strawberry (Fragaria x ananassa
(Duchesne ex Weston) Duchesne ex Rozier) FaNESL1 gene (coding for nerolidol synthase 1). Linalool and
nerolidol were not detected in wild type plants, whereas transgenic plants contained up to 1.5 pg/g (fresh

weight).

5.6. Metabolic engineering of aliphatic glucosinolates

As far as organosulfur compounds are concerned, metabolic engineering in plants can be achieved through
various approaches targeting the biosynthetic pathway, the regulatory genes of GSL biosynthetic pathway,
and the modulation of transcription factors. For example, Zang et al. (2008) produced transgenic Chinese
cabbage by over expressing the Arabidopsis MAM1, CYP79F1, and CYP83A1 gene. They obtained
increased levels of aliphatic glucosinolate, gluconapin, and glucobrassicanapin in the MAML line, whereas
in the CYP83AL line, gluconapin and glucobrassicanapin levels increased 4,5- and 2-fold respectively.
More recently, Mikkelsen et al. (2010) engineered the glucoraphanin and Indole glucosinolate pathways
into the non-cruciferous tobacco plant. Their results showed that while the successful production of
glucoraphanin was achieved, the corresponding chain elongated Leu- and lleu-derived GSLs were 5-8-fold
higher than those of obtained glucoraphanin levels, due to the greater availability of Leu/lleu than Met in

tobacco for GSL biosynthesis GSL.

6. Roles of epigenetic modifications induced by dietary phytochemicals for colorectal cancer
prevention: preclinical studies
Epigenetic modifications are imperative in regulating DNA methylation, histone modifications, and

miRNA-mediated alterations. Consequently, irregular epigenetic alteration may lead to the initiation and
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continuation of various cancers (Dawson and Kouzarides, 2012). For this reason, inverse epigenetic
alteration is an excellent target for the chemopreventive and therapeutic intention (Gulei et al., 2017;
Schnekenburger et al., 2014). Several phytochemicals can reverse epigenetic changes for preventing colon
cancer (Fig. 8 and Table 2).

Anthocyanin protected colon cancer HT-29 cells from DNA damage which may occur during
topoisomerase poisonsaction (Esselen et al., 2011). Additionally, anthocyanin demethylated tumor
suppressor genes in in vitro colon cancer models (HCT-116, Caco-2 and SW-480 cells) via suppressing
DNA (cytosine-5)-methyltransferase (DNMT)1 and DNMT3B, and decreasing the expression of Wnt and
its downstream targets p-catenin and c-MYC (Wang, L.-S. et al., 2013).

Epigenetic modification caused by genistein treatment suppressed colon cancer cells growth through i)
inhibiting human DNA topoisomerase Il activity (Mizushina et al., 2013), ii) increasing dickkopf-1 (DKK1)
expression via induction of histone acetylation at the DKK1 promoter region (Wang, H. et al., 2012), and
iii) reducing the histone deacetylase 1 (HDAC1) protein level through suppression of HDAC activity (Groh
etal., 2013).

EGCG modulated the retinoid X receptor a (RXRa) promoter methylation in CpG island methylator
phenotype positive cell lines, where RXRa expression was decreased. Subsequently, this led to a decrease
in nuclear B-catenin and cyclin D1 expressions, andarrest of cell proliferation (Morris et al., 2016).
Furthermore, EGCG induced therapeutic effects in methylation-sensitive colon cancer cells by decreasing
the expression of DNMT3A and HDAC3 by degrading these proteins (Moseley et al., 2013). The
combination treatment of EGCG and sodium butyrate induced epigenetic modification in colon cancer
RKO, HCT-116 and HT-29 cells by increasing the levels of double strand breaks as evaluated by gamma-
H2A histone family member X (y-H2AX) protein levels, and generation of histone H3 hyperacetylation
(Saldanha et al., 2014). Furthermore, reduced DNMT1levels and CpG methylation as well as increased
HDACL1 levels were observed after the combination treatments (Saldanha et al., 2014). An EGCG

derivative, ACEGCG, promoted epigenetic alterations of several genes that were supposed to play an vital
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role in inflammation-induced colon cancer in mouse model. Pretreatment withACEGCG significantly
decreased acetylation of histone 3 lysine 9 (H3K9) and p65/RelA expression which led to the suppression
of transcriptional activity of NF-xB (Chiou et al., 2012).

Silibinin induced epigenetic modification on in vitro CRC model through inhibiting DNMT properties and
exerted synergistic activity with HDAC inhibitors which led to cancer cell death (Kauntz et al., 2013).
Furthermore, kaempferol has a special epigenetic action by increasing hyperacetylation of histone complex
H3 in colon cancer HCT-116 cells (Berger et al., 2013).

In different genetic background of Caco-2 (K-Ras+/ p53-) and HCT-116 (K-Ras-/p53+) colon cancer cells,
EA inhibited cells proliferation by suppressing p-Akt (Thr308) expression in KRAS siRNA transfected
cells (Yousef et al., 2016a). Additionally, physiologically relevant mixtures of colonic metabolites of
urolithins induced anticancer potential in HT-29, Caco-2 and SW-480 colon cancer cells by modulating
miRNA levels, such as upregulation of p21cipl encoding CDKN1A, together with downregulation of miR-
224 and upregulation of miR-215 levels (Gonzélez-Sarrias et al., 2016). Caffeic acid suppressed the HCT-
116 cell proliferation by decreasing the DNA topoisomerase Il activity which blocked the cell cycle
progression at the G2/M phase (Kuriyama et al., 2013).

In an APCC®KO/K-ras™ mouse model of CRC, resveratrol treatment decreased tumor growth through
elevating miR-96 production, which suppressed Kras expression in colon tissue (Saud et al., 2014). In
addition, resveratrol increased the chemopreventive activity of 5-FU in resistant colon cancer DLD-1 cells
by increasing the expression of miR-34a as well as suppressing the expression E2F3 and its downstream
target Sirtl, which contributed to apoptosis induction (Kumazaki et al., 2013). Furthermore, in HT-29 colon
cancer cells, resveratrol suppressed the survival rate by activating NADPH oxidase, induced DNA damage
by elevating the histone gH2AX levels and at the same time induced defense mechanism by increasing
Sirt6 levels (San Hipdlito-Luengo et al., 2017). The combination treatment of resveratrol and quercetin
suppressed the expression of specificity protein (Sp) transcription factors Spl, Sp3, and Sp4, together with

Sp-dependent anti-apoptotic survivin gene levels in HT-29 cells (Del Follo-Martinez et al., 2013).
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Moreover, this combination reduced miR-27a and stimulated zinc finger protein ZBTB10, which acts as a
Sp-repressor and plays an important role for downregulation of the Sp factors (Del Follo-Martinez et al.,
2013).

Curcumin suppressed colon cancer HCT-116 cell proliferation by increasing miR-491, which further
suppressed PEG10 and Wnt/B-catenin signaling pathway (L.i et al., 2018). Furthermore, it suppressed HT-
29 cells growth anchorage-independently and reduced CpG methylation in DLEC1 promoter, resulting in
a decrease of histone deacetylases subtypes (HDAC4, 5, 6, and 8) and DNA methyltransferases expression
(Guo et al., 2015). Moreover, curcumin induced ROS generation and suppressed the SP transcription factor
by downregulating miR-20a, miR-27a and miR-17-5p (Gandhy et al., 2012). A similar effect was also
observed in multidrug resistance colon cancer SW-480 cells (Noratto et al., 2013). In a genetically modified
HCT-116 p53~ and HCT-116 p53**colon cancer cells, the combination of curcumin with ascorbic acid
induced alteration in a large number of genes such as proliferation-related genes (RHOD), signal
transduction genes (EGFR, WWC1, CHRNB4, DTX2, CRIM1, VPS41), apoptosis-regulated genes
(DFFB), transporter genes (ABCAL), mRNA metabolism genes (NR2F2, HNRNPR, RBBP4, TGM2,
SRSF4, andPDK1) and DNA repair genes (TOPBP1, RPA2), inducing chemoprevention (Ooko et al.,
2017). Interestingly, diflourinated-curcumin (CDF) caused a marked reduction in miR-21 expression in
chemo-resistant colon cancer HCT-116 and HT-29 cells by restoring PTEN levels with subsequent decrease
in Akt phosphorylation (Roy et al., 2013). Downregulated miR-21 induced differentiation of chemoresistant
colon cancer cells (HT-29 and HCT-116) and increased the therapeutic efficiency of conventional and non-
conventional drugs (Yu et al., 2013). Furthermore, CDF significantly increased the expression of both miR-
34a and miR-34c in cells by decreasing the expression of the downstream target Notch-1, thus acting as a
demethylating compound (Roy et al., 2012). Curcumin analogue increased the transcription factor
recognized as the aryl hydrocarbon receptor activity, compared to native curcumin, inducing more cancer

cells death by activating apoptosis in a panel of colon cancer cells (Megna et al., 2017).
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BA inhibited colon cancer SW-480 and RKO cell growth by inducing proteasome-dependent and
independent suppression of the Sp transcription factors Spl, Sp3 and Sp4, and Sp-regulated genes,
including cyclin D1, survivin, VEGF, EGFR, p65-NFxB and pituitary tumor transforming gene-1
(Chintharlapalli et al., 2011). Downregulation of the Sp transcription factors was mediated by elevating
ROS generation and ROS induced repression of miR-27a, and production of the Sp repressor gene ZBTB10
(Chintharlapalli et al., 2011). Furthermore, in a xenograft model of CRC, BA treatment reduced tumor
volume and growth as well as markedly suppressed the expression of Spl, Sp3 and Sp4 (Chintharlapalli et
al., 2011).

Sulforaphane induced chemopreventive activity by regulating epigenetic modification in HCT-116 and
RKO colon cancer cells. The effects were accomplished by downregulating oncogenic miR-21 by
suppressing HDACL1, which further inhibited hTERT mRNA, telomerase protein and enzymatic levels
(Martin et al., 2018). Moreover, in HT-29 and HCT-116 colon cancer cells, sulforaphane induced Nrf2
activity by regulating functional pseudogene, NMRALZ2P, and Nrf2-dependent NQO1 induction by acting
as a co-activator (Johnson et al., 2017). Indole-3-carbinol or its derivatives induced cytotoxic effects in
multiple CRC cells (DLD1, HCT-116, HT-29, LS513, and RKO) by activating the aryl hydrocarbon

receptor through CYP1A1 mRNA expression and inducing apoptosis (Megna et al., 2016).

7. Promising therapies with phytochemicals on colon cancer: clinical studies

A case control study in Korean and Vietnamese population evaluated the relationship between isoflavone
and CRC. It was observed that the higher quartile of total isoflavone, daidzein and genistein consumption
had an inverse relationship with CRC, particularly in women and there was no heterogeneity in CRC risk
in relation to isoflavone concentrations in plasma between the two different populations (Ko et al., 2017).
Moreover, a large prospective cohort study and the Netherlands cohort study did not find any association
between flavonoid intake and CRC risk (Nimptsch et al., 2015; Simons et al., 2009). Even though clinical

studies are still few, a positive relationship between consumption of dietary phytochemicals and lower risk
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of CRC has been noted (Table 3) and there are some registered clinical trials in a number of concerned
areas (Table 4).

Compared to preclinical studies, only a small number of clinical trials has addressed the effect of curcumin
for CRC prevention. The preventive mechanism was accompanied by i) decreasing ACF number by
improving the delivered system of curcumin (Carroll et al., 2011), ii) increasing the p53 and Bax expression,
reducing Bcl-2 expression and inducing apoptosis of tumor cells (He et al., 2011), iii) decreasing the
inflammation marker PGE2 production in the blood (Sharma et al., 2004), iv) decreasing DNA oxidation
in malignant tissue (Garcea et al., 2005) and v) improving cancer patients” immunity by increasing T helper
1 cells (Xu et al., 2017). A combined therapy of curcumin and quercetin decreased the number and size of
adenomatous polyps in FAP patients without any side effects (Cruz—Correa et al., 2006). Moreover,
curcumin followed by silibinin decreased colon polyp formation in the case of multiple colorectal adenomas
patients without any mutations of APC and MYH gene (Alfonso-Moreno et al., 2017). The confirmation
that supports the defensive effect of curcumin against CRC in humans is still very incomplete when
compared with that acquired in preclinical studies.

To our knowledge only three clinical studies have reported the effect of resveratrol on human CRC patients.
Ingestion of resveratrol decreased the proliferation marker Ki-67 by 5% in the tissue of malignant and
normal mucosa (Patel et al., 2010). Cleaved caspase-3 significantly increased in the hepatic tissue after
intake of resveratrol in hepatic metastasis CRC patients compared to placebo (Howells et al., 2011). No
difference was observed in the other biomarkers of the serum and in the hepatic tissue between the same
groups (Howells et al., 2011). However, low dosages of grape powder or resveratrol intake did not inhibit
the expression of Wnt pathway in tissue from CRC patients but decreased the Wnt target gene expression
in normal colonic mucosa (Nguyen et al., 2009). Until now, inadequate conformity exists between the
anticancer activities of resveratrol found in in vitro and in vivo studies and those presented in clinical

studies.
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Few clinical studies have examined the effect of EGCG or green tea extract on CRC patients and some of
them are ongoing in clinical trials. Ingestion of green tea extract for one year reduced the incidence of
metachronous colorectral adenomas, as well as the size of relapsed adenomas in high risk CRC patients
(Shimizu et al., 2008). Similarly, in a randomized trial, positive association was observed between diet
supplementation with green tea extract and metachronous colorectal adenoma in Korean patients. In this
study, daily consumption of green tea extract once a day for one year significantly reduced the number of
recurrent polyps and relapsed adenomas, and decreased occurrences of metachronous adenoma compared
to the control group (Shin et al., 2017). Additionally, long term consumption of EGCG with apigenin
decreased the rate of colon neoplasia in CRC patients with resected colon cancer (Hoensch et al., 2008).
Moreover, daily intake of green tea polyphenols (containing EGCG) significantly decreased the hepatic
arterial infusion-induced oxidative stress in CRC patients with liver metastasis (Baba et al., 2012).

Consumption of bilberry anthocyanin extract decreased the quantified proliferation marker (Ki-67) by 7%
in CRC patients, while the concentration of IGF-1 was not reduced significantly in plasma (Thomasset et
al., 2009). Furthermore, silibinin increased the clinical effectiveness of regorafenib in the treatment of
metastatic colorectal patients. Combined treatment of silybin with regorafenib increased the survival rate
of patients with additional defense effects on drug-induced liver damage (Belli et al., 2017). In CRC
patients, a significant amount of EA derivatives and urolithins were examined in plasma, urine and colon
tissue after ingestion of pomegranate (Nufiez-Sanchez et al., 2014). Significant diversity was observed in
the expression of MYC, CTNNB1, CDKN1A, CD44, TYMs and EGFR gene in malignant and normal
tissue after intake of EA and urolithins in a tissue- and gene-specific manner but the effects in colon tissue
were not related with the specific metabotypes and the level of EA and urolithins (Nufiez-Sanchez et al.,
2017). Moreover, Nufiez-Sanchez et al. did not find any association among miRNA and urolithins in colon
tissue of the CRC patients (Nufiez-Sanchez et al., 2015). Increasing consumption of non-tea compounds,

mainly quercetin, was inversely associated with CRC risk (Kyle et al., 2010). Dietary supplementation of
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flavonoids decreased the oxidative stress in lymphocytes of patients with colon cancer caused by food

mutagens (Kurzawa-Zegota et al., 2012).

8. Conclusions and prospects

Plant foods are rich in phytochemicals exerting protective activities useful in CRC prevention. To date,
major advances have been made on the identification of several affected molecular pathways, which are
involved in the progression of CRC. The potentiality of most dietary phytochemicals has been examined
only in preclinical trials, either in vitro or in vivo. However, a limited number of ongoing or completed
clinical trials for several dietary phytochemicals, including curcumin, resveratrol, quercetin, anthocyamin,
genistein, EGCG, ellagic acid and ellagitannins (Table 3 and Table 4) have been performed in diverse
pathological conditions, which supports the possible use of these dietary phytochemicals in the prevention
or treatment of CRC. The growing interest in these natural compounds has led to many studies being
performed with the aim of improving the production of these phytochemicals in genetically modified plants.
These investigations have led to the identification of plant foods enriched in protective substances.
However, the low bioavailability of dietary phytochemicals is a major issue of concern to researchers. Many
studies on the other hand which address in depth phytochemical derivatives, synthetic analogs or
nanoparticles would be a solution for these limitations (Santos et al., 2013; Xie et al., 2016), as the efficacy
of curcumin (Alizadeh et al., 2012; Jiang et al., 2014), resveratrol (Chen et al., 2016), EGCG (Xiao et al.,
2015), sulforaphane (Behray et al., 2016), betulinic acid (Dutta et al., 2016), etc. have been reported to be
increased compared to the “parent” compound administration.

In addition, the microbial composition in the intestine is an emerging aspect in CRC vulnerability, because
of the various patho-physiological influences of microorganisms which are connected with cancer
development; likewise, probiotics have been taken under consideration in the reduction of carcinogenesis
through diverse mechanisms. Nonetheless, further investigations in rodent models as well as vigorous

epidemiologic and interventional human studies are essential. Future research on the epigenetic regulation
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by diet in the gut will show the way to the advancement of safer, preventive or therapeutic agents to
counteract CRC.

It is important that the efficiency of dietary phytochemicals in CRC prevention be deeply understood.
Future research should target on i) precise categorization of dietary phytochemicals, ii) alteration of phase
Il metabolism and gut microbiota and their effect on metabolism, bioavailability, and toxicity of other
drugs, iii) a much deeper understanding of the molecular targets and their relevant mechanisms, iv)
determination of the impact on in vivo studies, v) examination of safety doses and efficiency on prospective
human studies, and vi) consideration of numerous pharmacokinetic challenges such as bioavailability, drug-

drug interactions, and metabolic instability.
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Abbreviation

ACF, aberrant crypt foci; AlF, apoptosis inducing factor; AMPK, AMP-activated protein kinase; ANS,
anthocyanidin Synthase; AOM, azoxymethane; AP-1, activator protein-1; APC, adenomatous polyposis
coli; ATF, activating transcription factor; ATG, autophagy-related protein; Bad, Bcl-2-associated death;
Bak, Bcl-2 homologous antagonist/killer; Bax, B-cell lymphoma 2 associated X protein; Bcl-2, B-cell
lymphoma; Bid, BH3-interacting domain death agonist; Bik, Bcl-2 interacting killer; Braf, B rapidly
accelerated fibrosarcoma; cdc, cell division cycle; CDK, cyclin-dependent kinase; C4H, cinnamate 4-

hydroxylase; CHI, chalcone isomerase; CHOP, CCAAT-enhancer-binding protein homologous protein;
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CHS, chalcone synthase; CIN, chromosomal instability; CIMP, CpG island methylator phenotype; CIAP-
2, cellular inhibitor of apoptosisprotein-1;COX-2, cyclooxygenase 2; CRC, colorectal cancer; CSC, cancer
stem cell;CT, condensed tannins; CUS, curcuminoid synthase; CXCR4, C-X-C chemokine receptor type 4;
DAHP, 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase; DKK1, dickkopf-
related protein 1;DMAPP, dimethylallyl diphosphates; DMH, 1,2-dimethylhydrazine; DNMT, DNA
methyltransferase; DR, death receptor; DSS, 4,4-dimethyl-4-silapentane-1-sulfonic acid; EA, ellagic acid;
4E-BP1, eukaryotic translation initiation factor 4E-binding protein 1; EGC, epigallocatechin; EGCG,
epigallocatechin-3-gallate; EGFR, epidermal growth factor receptor; elF2a, eukaryotic initiation factor 2
alpha; EMT, epithelial-mesenchymal transition; ER, endoplasmic reticulum; Erk 1/2, extracellular-signal-
regulated kinase 1/2; FAP, familial adenomatous polyposis; FDP, farnesyl diphosphate; F3°H, flavanone
3-Hydroxylase; FLS, flavonol synthase; 5-FU, 5-fluorouracil; GA, gallic acid; GADD45a, growth arrest
and DNA damage-45 alpha; GDP, generanyl diphosphate; GGDP, geranylgeranyl diphosphate; GRP-78,
glucose-regulated protein-78; GPx, glutathione peroxidase; GSK-3p, glycogen synthase kinase 3-p; GSL,
glucosinolates; HDAC1, histone deacetylase 1; HIF-1, hypoxia-inducible factor 1; HSP-70, heat shock
protein 70; IFS, isoflavone synthase; IGF-1, insulin-like growth factor 1; IL, interleukin; iNOS, inducible
nitric oxide synthase; IPP, isopentenyl diphosphate; IRE-1, inositol requiring kinase-1; JNK, Jun N-
terminal kinase; Kras, Kirsten rat sarcoma virus oncogene homolog; MAPK, mitogen-activated protein
kinase; MCI-1, mild cognitive impairment; MMP-2, matrix metalloproteinase 2; MMP, mitochondrial
membrane potential; MSI, microsatellite instability; mTORC1, mammalian target of rapamycin complex
1; c-MYC, Myc proto-oncogen; NF-«kB, nuclear factor kappa B; Nrf2, nuclear related factor 2; PAL,
phenylalanine ammonia-lyase; PARP, poly (ADP-ribose) polymerase; PCNA, proliferating cell nuclear
antigen; PERK, protein kinase-like ER kinase; PGE2, prostaglandin E2; PI3K, phosphatidylinositol 3-
kinase; PP2Ac, protein phosphatase 2 catalytic subunit alpha; RA, rosmarinic acid; Rb, retinoblastoma;
ROS, reactive oxygen species; RXRa, retinoid X receptor alpha; SDH, shikimate dehydrogenase; SIRT1,

sirtuin 1; SOD, superoxide dismutase; STAT, signal transducer and activator of transcription; STS, stilbene
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synthase; TBARS, thiobarbituric acid reactive substances; TGF-f, transforming growth factor beta; TLR4,
toll-like receptor 4; TNF-a, tumor necrosis factor alpha, TRAIL, TNF-related apoptosis-inducing
ligand; UGT1A, uridine diphosphate-glucuronosyltransferase 1A; VEGR, vascular endothelial growth
factor; Wnt, wingless-type; XBP1, X-box-binding protein one; XIAP, X-linked inhibitor of

apoptosis protein.
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Figure legends

Fig. 1. Dietary phytochemicals can modulate key signaling pathways by targeting different stages of CRC

from initiation to progression.

Fig. 2. Dietary phytochemicals target MAPK signaling pathway, inducing chemopreventive effects on

CRC.The symbol (1) denotes increasing activity and (perpendicular) suppressing activity.

Fig. 3. Dietary phytochemicals target NF-xB signaling pathway, inducing chemopreventive effects on

CRC.The symbol (perpendicular) denotes suppressing activity.
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Fig. 4. Dietary phytochemicals arrest cell cycle in different phase of CRC.The symbol (perpendicular)

denotes suppressing activity, (1) increasing activity and (|) decreasing activity.

Fig. 5. Dietary phytochemicals target Wnt/p-catenin signaling pathway, inducing chemopreventive effects

on CRC.The symbol (perpendicular) denotes suppressing activity.

Fig. 6. Dietary phytochemicals target PI3K/Akt signaling pathway, inducing chemopreventive effects on

CRC.The symbol (perpendicular) denotes suppressing activity.

Fig. 7. Dietary phytochemicals target STAT1-STAT3 signaling pathway, inducing chemopreventive effects

on CRC.The symbol (perpendicular) denotes suppressing activity.

Fig. 8. Epigenetic modifications by dietary phytochemicals target DNA methylation, histone modifications

and miRNA-mediated alteration. The symbol (perpendicular) denotes suppressing activity and (1)

increasing activity.
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Table 1

The most common dietary phytochemicals with their representative sources and intestinal metabolites.

Dietary phytochemicals Representative Major dietary sources Safety doses Colonic metabolites
sources and route (Reference)
(Reference)
Polyphenol
Quercetin (C1sH1007) Onion, apple, broccoli, Dose: 4 g Quercetin-3'-O-sulfate, quercetin-3-0O-
oH 7 F tea, honey, lemon, Route: Oral glucuronide, isorhamnetin-3-O-glucuronide
tomato and strawberry Model: Human (Mullen et al., 2006)

(Gugler et al., 1975)

Red onion
Strawberry, blueberry, Dose: 45 g/day (given 3,4-Dihydroxybenzoic acid, 3-(3-
grapes, blackberry, as freeze-driedblack hudroxyphenyl)propionic acid,
blackcurrant, purple raspberries) 4'-hydroxyphenylacetic acid, 4r-
cauliflower and corn Route: Oral hydroxyhippuric acid, 4'-hydroxymandelic
Model: Human acid (Gonzalez-Barrio et al., 2011)
Purple corn (Stoner etal., 2005)
Y Soybean, yellow pea, Dose:150 mg/kg/day  Dihydrogenistein,
4A 23 green lentil, kudzu and Route: Oral 6'-hydroxy-O-desmethylangolensin,
ol fe { lupine Model: Human 6’-hydroxy-O-desmethylangolensin
N (Kim, K.H. etal., (Coldham et al., 2002)
2013)
Soybean
Green tea Dose: 800 mg/day 5-(3, 4, 5-Trihydroxyphenyl)-vy-
Route: Oral valerolactone, 4'-hydroxyphenylacetic acid, 3'-
Model: Human methoxy-4'-hydroxyphenylacetic  acid, 4-

(Chow et al., 2003) hydroxybenzoic acid (Roowi et al., 2009)

.
OH . e
Ho Green tea
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Silibinin (C2sH22010)

Milk thistle (Silybum
marianum)

Dose: 489 mg/ day (3
times)

Route: Oral

Model: Human

(Hoh et al., 2007)

Silibinin diastereoisomers (Hoh et al., 2007)

Apple, onion, citrus and
grapes

Dose: 9 mg

Route: Oral

Model: Human
(DuPont et al., 2004)

Kaempferol-3-O-glucuronide,
monosulfate (DuPont et al., 2004)

kaempferol

Caffeic acid (CoHsO4)

Coffee, olive oil, grains,

Dose: 153.8 mg

4-ethylcatechol,3-(3-hydroxyphenyl)propionic

Ho, and vegetables Route: Oral acid (Aura, 2008)
S Model: Human
(Wittemer et al.,
2005)
He Coffee
OH
Rosmarinic acid (C1sH160s) Rosemary, perilla and Dose: 200 mg Caffeic acid, 3(3,4-dihydroxyphenyl) lactic
basil Route: Oral acid, ferulic acid, m-coumaric acid (Baba et al.,

Model: Human
(Baba et al., 2005)

2005)

Strawberry

Blackberry,
and strawberry

raspberry

Dose: 45 g/day
(given as freeze-
driedblack
raspberries)

Route: Oral

Model: Human
(Stoner et al., 2005)

Urolithins A and B (Seeram et al., 2006)
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Gallic acid (C7HgOs)
o]

HO.
OH

HO'
OH

oA

,\‘& A ‘
S
. ird”)

Walnut

Blueberry, walnut, Dose: 800 mg

apple, flax seed and Route: Oral

green tea Model: Human
(Roberts et al., 2007)

3-O-methylgallic acid, 4-O-methylgallic acid,
3,4-di-O-methylgallic acid (Hodgson et al.,
2000)

Resveratrol (C14H1,03)
OH

Red grape

Red grape, berrie, plums Dose: 5 g/day

and peanut Route: Oral
Model: Human
(Patel et al., 2011)

Resveratrol-3-O-glucuronide, resveratrol-4'-O-
glucuronide, resveratrol-3-O-sulfate,
resveratrol-4'-O-sulfate, resveratrol-O-
disulfate (Patel et al., 2010)

Turmeric

Turmeric (Curcuma Dose: 12,000 mg/day
longa) Route: Oral

Model: Human

(Lao et al., 2006)

Curcumin  glucuronide,curcumin  sulfate,
tetrahydrocurcumin, and hexahydrocurcumin
(Ireson et al., 2002)

Terpenoids

Ursolic acid (C3oH4s03)

L

Apple

Rosemary, basil, apple, Dose: 98 mg

peppermint, oregano and  Route:Intravenous

sage Model: Human
(Zhu, Z. et al., 2013)

Ursonic acid methyl ester, 3-oxoursa-1,12-
dien-28-oic acid methyl este, 3-oxoursa-1,12-
dien-28-oic acid, 3-oxoursa-1,12-dien-28-oic
acid methyl este (Leipold et al., 2010)

White birch

White birch Dose: 500 mg/kg/day

Route: Intraperitoneal

Model: Mouse
(Pisha et al., 1995)
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Organosulfur Compounds

Sulforaphane (CsH11NOSy)

3\

W

Cruciferous vegetables

Dose: 150-200 pmol/
day

Model: Human
(Alumkal et al., 2015;
Singh et al., 2014)

Sulforaphane—gluthatione, sulforaphane—
cysteine, sulforaphane-N-acetylcystein
(Dominguez-Perles et al., 2014)

H,c—s% Broccoli
Indole-3-carbinol (CgHgNO) Cruciferous vegetables Dose: 400 mg/day 3,3-diindolylmethane (Aggarwal and
Ho, /‘ ~ Route: Oral Ichikawa, 2005)
&b~ Model: Human
OQ k\“ (Reed et al., 2005)
H Cauliflower
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Table 2

Use of dietary phytochemicals for CRC prevention and their associated molecular targets: evidence in preclinical studies.

Phytochemicals Dose, duration and testing system Function Molecular targets Reference
Polyphenols
Quercetin -25-200 uM for 48 h, In vitro:HT-29 -Inhibits cell proliferation -lp-Akt, MYC (Yang et al., 2016)

-Arrests cell cycle
-Induces apoptosis

-At G0/G1 phase
-|Bcl-2, 1Bax, p53, caspase-3

-10-100 puM for 24-48 h, In vitro:CT-26
-10 or 50 mg/ kg, In vivo: lung metastasis
model of CRC

-Induces apoptosis
-Suppresses metastasis

-Decreases tumor nodules and lung

weights

-1¢c-PARP, caspase-3,-9, |Bcl-2, Bel-xL
-1p-Erk, p-INK, p-p38MAPK
-|IMMP-2, MMP-9, N-cadherin, f-
catenin, Snail, tE-cadherin

(Kee et al., 2016)

-25-100 pM for 24 h, In vitro: Caco-2 and
SW-620

-Induces apoptosis

-1Bax, caspase-3,-9, |Bcl-2, NF-xB

(Zhang et al., 2015)

-5-50 uM for 24-72 h, In vitro: DLD-1

-Induces apoptosis

-|MMP

(Cincin et al., 2015)

-25-100 puM for 6- 24h, In vitro: HCT-116

-Induces apoptosis

-IMMP, 1ROS
-1SIRT-2/p-AMPK/p-p38MAPK
-1SIRT-2/p-AMPK/|p-mTOR

(Kim, G.T. et al,
2014)
(Kim, G.T. et al,
2013)

-50 uM for 48h, In vitro: Caco-2 and DLD-
1

-Inhibits cell proliferation
-Induces apoptosis

-JCBI receptor, Wnt/B-catenin, p-
GSK3p, p-PI3K/Akt, p-S6, p-4EBPI, p-
STAT3

-1INK, c-Jun

(Refolo et al., 2015)

-0.1or 1 uM, Invitro: DLD-1

-Induces apoptosis

-Tcaspase-3,c-PARP, p-p38MAPK

(Bulzomi et al., 2012)

-25-100 puM for 24h, In vitro: HCT-116
-50 mg/kg for 24 days, In vivo: HCT-116
Xenograft model

-Induces apoptosis
-Arrests cell cycle

-|Hypoxia induces AMPK, HIF-1
-At G0/G1 phase

(Kim et al., 2012)

-20-100 pM for 24h, In vitro: HT-29 and
HCT-15

-Inhibits cell proliferation
-Induces apoptosis

-lp-Akt, p-GSK3p, Cyclin D1
-1COX-2 dependent ROS
-1Caspase-3,cyto- C

(Rajaetal., 2017)

-10-120 pM for 48h, In vitro: CT-26
-50-200 mg/kg for 18 days, In vivo: CT-26
Xenograft model

-Induces apoptosis
-Reduces tumor volume

(Hashemzaei et al.,
2017)
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-5 uM, In vitro: Caco-2

-Decreases inflammation
-Suppresses migration and invasion

-JTLR4, NF-xB, TNF-a, COX-2 and
IL-6
-\MMP-2, MMP-9, 1E-cadherin

(Han et al., 2016)

Isoquercitrin

-75-150 pM for 24h,In vitro: HCT-116,
DLD-1 and SW-480
-150 uM, In vivo: Xenopusembryos

-Inhibits cell proliferation
-Anti-tumor effects

- Wnt/B-catenin

(Amado et al., 2014)

Quercetin derivative

-25-50 uM for 24h, In vitro: HCT-116

-Induce oxidative stress
-Induces ER stress
-Induces apoptosis

-IROS

-1IRE1-a, XBP-1, Ca? ions

-IMMP, 1p-INK, Bax, cyto- c, caspase-
3,9, |Bcl-2

(Khan et al., 2016)

-5-40 uM for 24h, in vitro: HT-29 and HCT-
116
-500 UM for 24h, in vivo: S.cerevisiaestrain

-Induces oxidative stress
-Arrests cell cycle
-Induces autophagy

-TROS
- At G2/M phase
-LC-I/1I, |Beclin, SQSTM1/p62, p-

(Enayat et al., 2016)

RDKY3615 Akt/PI3K, 1p-Erk1/2, p-JNK, p-

p38MAPK
-15 UM for 24h, In vitro: SW-620 and HCT-  -Arrests cell cycle -At G2/M phase (Zhao, Y. etal., 2017)
116 -Induces autophagy -tLC-I/II,  |Beclin, SQSTM1/p62,

1Atg7, p-Erk1/2, p-JNK, p-p38MAPK

Anthocyanin

-5-45 pg/mL for 48h, In vitro: HCT-116

-Suppresses migration and invasion

-|Claudin,1p38MAPK, |PI3K/Akt,
-|MMP-2, MMP-9

(Shin et al., 2011)

-0.5-25 pg/mL for 72h, In vitro: HCT-116,
Caco-2 and SW-480

-Demethylates tumor suppressor
genes

-|DNMTI1, DNMT3B, p-catenin, c-
MYC, Wnt

(Wang, L.-S. et al,
2013)

Anthocyanin rich extract

-25-100 pg/mL for 24h, In vitro: Colo
320DM and HT-29

-Induces apoptosis
-Arrests cell cycle

-1¢c-PARP, caspase-3, Bax/Bcl-2
-At GO/G1 phase
-|Cyclin E, cyclin D, 1p21, p27

(Hsu et al., 2012)

-5 pg/mL for 24h, In vitro: CRC stem cells
-20% wi/w for 4wks, In vivo: AOM-induced
colon cancer

-Inhibits cell proliferation
-Induces apoptosis
-Decreases tumor incidence

- Wnt/B-catenin, c-MYC, cyclin D1
-1p53, Bax/Bcl-2, cyto-c

(Charepalli et al.,
2015)

-0.25-10 mg/mL for 24h, In vitro: HCT-116
and HT-29

-Induces apoptosis
-Arrests cell cycle

-l Survivin, cIAP-2 and XIAP
-At G1 phase

(Mazewski et al.,
2018)

-1-20 pg/mL for 24h, In vitro: HT-29

-Inhibits cell proliferation
-Decreases inflammation

-1ROS
-|TNF-q, IL-1B, IL-6, and NF-xB

(Venancio et al,
2017)

-1-10% for 9 wks, In vivo: AOM and DSS-
induced Balb/c mice

-Suppresses inflammation
-Reduces tumor growth
development

and

(Lippert et al., 2017)

-50-500 pg/mL for 72h, In vitro: HT-29

-Induces epigenetic modification

-Suppresses DNA damage

(Esselen etal., 2011)
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Anthocyanin metabolites

-100-150 pmol/L for 48h, In vitro: HT-29

-Induces apoptosis -TCaspase-3

(Lopez de las Hazas et
al., 2016)

-50 UM for 24-48h,In vitro: Caco-2

-Inhibits cell proliferation
-Arrests cell cycle
-Induces apoptosis

-INF-kB, AP-1, STAT-1, and OCT-1
-At GO/G1 phase
-1Caspase-3

(Forester et al., 2014)

Proanthocyanidins

-10-80 pg/mL for 48h, In vitro: SW-480 and
SW-620

-Induces apoptosis -1Caspase-8, p-p38MAPK

(Minker et al., 2015)

-25-200 pg/mL for 24h, In vitro: SW-620
-5-20 pglegg for 5 days, In vivo:
Xenografted chick chorioallantoic
membrane model

-Suppresses angiogenesis -l VEGF, Angl

(Huang et al., 2012)

Hexamericprocyanidins

-10 uM for 6h, In vitro: Caco-2

-Inhibits cell proliferation -lERK, p38MAPK, Akt, and AP-1

(Da Silva et al., 2012)

Genistein

-10-50 uM for 12h, In vitro: HT-29

-Inhibits cell proliferation - | B-catenin

(Lepri et al., 2014)

-5-45 mg/kg, In vivo: DMH-induced wistar
rats

-Suppresses cancer progression -|PCNA, 1Nrf2, HO-1,

stem cell marker

| B-catenin,

(Sekar et al., 2016)

-140 mg/kg for 6 wks, In vivo: AOM-
induced male Sprague-Dawley rats

-Suppresses pre-neoplasis - Wnt/B-catenin, cyclin D1,c-Myc

(zZhang, Y. et al,

2013)

-5-100 puM for 24h,In vitro: HCT-116 -Inhibits cell proliferation -JEGFR (Gruca et al., 2014)
-30-70 uM for 48h, In vitro: HT-29 -Inhibits cell proliferation -1p-p38 MAPK (Shafiee et al., 2016)
-Induces apoptosis -TCaspase-3
-Suppresses migration and invasion -|MMP-2

-20-100 uM for 6h, In vitro: LoVo and HT-
29

-Induces apoptosis -|NF-kB, Bc¢l-2, 1Bax

(Luo et al., 2014)

-0-100 pmole/L for 2h, In vitro: HCT-116

-Induces apoptosis
-Arrests cell cycle

-IMMP, 1ROS
-At G2/M phase

(Wu etal., 2017)

-0.1-0.2 uM for 24h, In vitro: Caco-2

-Inhibits cell proliferation
-Arrests cell cycle

-}Cyclin B1, ChK2
-At G2/M phase

(Han et al., 2013)

-10-100 puM for 48h, In vitro: HCT-116 and
SW-480

-Induces apoptosis
-Arrests cell cycle

-lede2,  cdc25A, TATM/pS3,
p21wafl/cipl, GADD45a

(zZhang, Z. et al,

2013)

-50-200 puM for 24h, In vitro: HCT-116

-Suppresses cell proliferation
-Arrests cell cycle

- | DNA topoisomerase Il activity
-At G2/M phase

(Mizushina et al.,
2013)

-10 pumole/L for 24-48h, In vitro: HCT-
116,HT-29 and SW-620

-25-75 mg/kg/day for 5 wks, In vivo: Balb/c
mice

-Suppresses metastasis

-IMMP-2, FLT4, CD34.

(Xiao et al., 2015)

-1-75 pmol/L for 48h, In vitro: SW-480

-Induces epigenetic modification

-1DKK1

(Chiou et al., 2012)
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-10-200 puM for 24h, In vitro: HT-29

-Induces epigenetic modification

-|HDACI1

(Groh et al., 2013)

Genistein derivative

-5-20 uM for12-24h, In vitro: HCT-116 and
HT-29

-5-45 mg/kg, In vivo: AOM and DSS-
induced C57BL/6 mice

-Decreases inflammation
-Inhibits cell proliferation
-Arrests cell cycle

-Reduces mortality, tumor number and

volume.

-|NF-kB/p65,TNF-a, IL-6, IL-1f
-At G0/G1 phase

-tAPC, AXIN2,CDX2, |p-
GSK3p, B-catenin, PCNA, cyclin
D1, c-MYC

(Du et al., 2016)

-1-100 pM for 24h, In vitro: HCT-116

-Inhibits cell proliferation
-Arrests cell cycle
-Decreases inflammation

-JPCNA, Bcl-2, cyclin D1
-At G0/G1 phase
-|NF-xB, p-1kB, IKKa/B

(Wang, Y., 2016)

Epigallocatechin-3-
gallate (EGCG)

-10 uM for 48h, In vitro: DLD-1

-Inhibits cell proliferation
-Induces apoptosis

- PI3K/Akt
-1¢c-PARP, caspase-9

(Kumazaki et al.,
2013)

-40-80 puM for 48h, In vitro: SW-480

-Inhibits cell proliferation

-l Wnt, cyclin D1, ¢c-MYC

(Oh et al., 2014)

-25-100 puM for 48h, In vitro: HCT-116 and  -Induces apoptosis -1p53 (Park et al., 2013)
HT-29 -Suppresses migration and invasion -1AMPK, |MMP-2, VEGF
-1-50 uM for 1h, Invitro: HCT-116 and HT-  -Induces apoptosis -1p-Erk1/2, p-JNK1/2, p- (Cerezo-Guisado et
29 p38MAPK al., 2015)
-100 pg/mL for 15 min, In vitro: SW-480 -Inhibits cell proliferation -|Erk1/2, NF-xB (Zhou et al., 2012)

-Suppresses migration -TCaspase-7

-IMMP-2, TF

-10 pg/mL for 4-24h, In vitro: LoVo and -Induces apoptosis -1Bax,  |Bcl-2,  fcaspase-9, (Papietal., 2013)
Caco-2 -Arrests cell cycle PARP, ROS

-At G0/G1 phase

-50-150 pM for 48-72h, In vitro: HT-29,
HCT-116, SW-480 and SW-48

-Induces epigenetic modification

-|RXRa, B-catenin, cyclin D1

(Morris et al., 2016)

-50-150 uM for 48-72h, In vitro: HT-29 and
HCT-116

-Controls DNA methylation

-|DNMT3A, HDAC3

(Moseley et al., 2013)

EGCG+ sodium butyrate

-10 uM for 48h, In vitro: HT-29, RKO and
HCT-116

-Induces apoptosis
-Arrests cell cycle
-Induces epigenetic modification

-1p53, p21, |survivin

-At G1 and G2/M phase

-t{DNA  damage, |DNMTI,
THDACI, |CpG methylation

(Saldanhaetal., 2014)

Peracetylated

-0.017-0.085% for 14 days, In vivo: DSS-

-Decreases inflammation

-|p-PI3K/AKU  p-NFkB, p65

(Chiou et al., 2012)

EGCG induced colitis in ICR mice -Increases anti-oxidant enzyme acetylation, iNOS, COX-2, TNF-
-Induces epigenetic modification a, IL-1B, IL-6
-1HO-1, Nrf2, p-Erk1/2
-} Acetylation of histone 3 lysine
9 (H3K9), p65/RelA
Kaempferol -60 pmol/L for 24h, In vitro: HT-29 -Inhibits cell proliferation -l1IGF-IR, ErbB3, p-PI3K/Akt, p- (Lee et al., 2014a)

-Induces apoptosis

Erk/12
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-60 umol/L for 24-48h, In vitro: HT-29 and
SW-480

-Induces apoptosis

-fc-Caspase-3, -7, -9, PARP, Bik,

Bad, |Bcl-xL
-1FasL, cyto-C

(Lee et al., 2014b)

-20-60 pmol/L for 6h, In vitro: HT-29

-Arrests cell cycle

-At G1 and G2/M phase

-|CDK2, CDK4, Cdc25C, Cdc2,
cyclin B1, cyclins D1, cyclin E,

cyclin A, p-Rb

(Cho and Park, 2013)

-50-200 mg/kg for 4 wks, In vivo: DMH
induced male Wistar rats

-Prevents oxidative damage

-lLipid  peroxidation,

SOD, GPx

1CAT,

(Nirmala and
Ramanathan, 2011)

5-100 puM for 10h, In vitro: HCT-116

-Induces epigenetic modification

-THyperacetylation of histone

complex H3

(Berger et al., 2013)

Silibinin

-300 uM for 24h, In vitro: SW-480 and SW-
620

-Induces apoptosis

-1DNA fragmentation

-fCaspase-3, -8, -9, -10, Bid,

cyto-c, TRAIL, DR4/DR5

(kauntz et al., 2012a)

-IMcl-1, XIAP
-50-100 uM for 24h, In vitro: p53 wild and  -Induces apoptosis -INAG-1, EGR-1 (Woo et al., 2014)
null type HT-29 -1ROS, ¢c-PARP

-100 pM, In vitro: HT-29, SW-480 and
LoVo

-Inhibits cell proliferation

-|IL-4,IL-6, p-STAT3, NF-kB.

(Kumar et al., 2014)

-1075-10"8 M for 4h, In vitro:LoVo

-Suppresses migration and invasion

-IMMP-2, JNK, AP-1

(Linetal.,
2012)

-5-50 pg/mL for 24-72h, In vitro: Cancer
stem-like cells and HT-29

-5 pg/mL for 15 days, In vivo: Xenograft
tumor model

-Suppresses CSC self regeneration and
sphere formation

-Reduces tumorigenecity and
growth

tumor

-JAKTSer473/mTOR, PP2Ac

(Wang, J.Y. et al.,
2012)

-5 mg/Kg for 7 wks, In vivo: DSS-induced
male Wistar rat

-Decreases tumor growth
-Induces apoptosis
-Suppresses inflammation

- ACF proliferation and formation

-1Bcl-2, 1Bax

-|MMP-7, TNFa, IL1B

(Kauntz et al,
2012b)

-0.2%,In vivo: Apc—/+ mice

-Decreases intestinal adenoma formation

-}Cdk4, cyclin D1, p-Rb

(Karim et al., 2013)

-Induces apoptosis -1 Ki-67
-Suppresses cell cycle entry
-50 mg/kg for 32 wks, In vivo: DMH -Decreases adenoma formation -1CDX2 (Sangeetha and
induced rat Nalini, 2015)
-300 pM for 24h, In vitro: SW-480 and SW-  -Induces epigenetic modification -|DNMT (Kauntz et al., 2013)
620
Silybin and regorafenib ~ -90 uM for 72h, In vitro: SW-48, SW-48CR, -Inhibits cell proliferation -|PI3K/Akt/mTOR (Belli et al., 2017)
HCT-15 and SW-480 -Induces apoptosis -1ROS
Silibinin+1,25- -1-100 pM for 24-72h, In vitro: HT-29 -Inhibits cell proliferation -1 Snaill, snail2 (Bhatia and Falzon,
dihydroxyvitamin D -Suppresses migration -1VDR 2015)
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Silibinin
+Oxidovanadium (1V)

-25-100 uM for 24h, In vitro: HT-29

-Induces apoptosis

-1Caspase-3, | NF-xB
-} Topoisomerase 1B

(Ledn et al., 2015)

Silibinin+metformin -50-200 pumol/L for 24h, In vitro: COLO- -Inhibits cell proliferation -lp-Akt, 1PTEN, |p-mTOR, (Tsaietal., 2015)
205 -Induces apoptosis TAMPK
-1Caspase-3, AIF
Silibinin +hydrogels -100-800 mg/kg for 2 wks, In vivo: -Suppresses angiogenesis -|VEGF (Cho et al., 2012)

Xenografted CRC mice

Gallic acid -10-100 uM for 24-72h, In vitro: Caco-2 -Inhibits cell proliferation -INF-kB, AP-1, STAT-1, OCT-1  (Forester et al.,,
-Arrests cell cycle -At G0/G1 phase 2014)
-Induces apoptosis -1Cyclin D1
-1Caspase-3
-740 pumol/L for 24-72h, In vitro: HCT-15  -Induces apoptosis -tROS, |MMP (Subramanian et al.,
2016)
-40 pg/mL for 2-6 days, In vitro: HCT-116  -Inhibits cell proliferation -} CSC markers (Lee etal., 2016)
-/ Notch1, Wnt/B-catenin
-25 mg for 8 wks, In vivo: DSS induced -Decreases inflammation -lINOS, COX-2, IL-6 (Pandurangan et al.,
colitis in rat model -lp-STAT3Y705, p-IxB, p65-NF- 2015)
kB
Ellagic acid -25-100 pg/mL for 48h, In vitro: Caco-2 and  -Inhibits cell proliferation -JPCNA, K-ras, p-PI3K/Akt (Yousef et al.,

HCT-116

-Induces apoptosis
-Arrests cell cycle

-tCaspase-8
-At G1 phase

2016a; Yousef et al.,
2016h)

-20-60 puM for 24h, In vitro: HCT-15

-Inhibits cell proliferation
-Induces apoptosis

-JPCNA, cyclin D1, p-PI3K/Akt
-fROS, Bax, Cyto-c, |Bcl-2,
Tcaspase-3

-1DNA fragmentation

(Umesalma et al.,
2015)

-60 mg/kg for 7 wks, In vivo: DMH induced
male Wistar rats

-Anti-cancer effects

-1 Antioxidant status
- ACF formation, c-MYC

(Kumar et al., 2012)

-60 mg/kg for 15 wks, In vivo: DMH
induced male Wistar rats

-Inhibits cell proliferation
-Induces apoptosis

-Suppresses angiogenesis
-Decreases detoxification

-|PCNA

-1P33

-|MMP-2 and MMP-9

-|Phase I and fphase Il enzyme

(Umesalma et al.,
2014)

-25 mg for 8 wks, In vivo: DSS induced
colitis in rat model

-Decreases inflammation

-COX-2,iNOS
-lp-p38MAPK, NF-kB, and p-
STAT3

(Marin et al., 2013)

Ellagic acid derivatives
or metabolites

-5-50 uM for 72h, In vitro: SW-620

-Inhibits cell proliferation

-/ Wnt

(de Molina et al.,
2015)

-5-30 pg/mL for 24-48h, In vitro: HT-29

-Induces apoptosis
-Arrests cell cycle

-tCaspase-3, -8, -9, c-
PARP,|MMP
-At G1 and G2/M phase

-1p21

(Cho et al., 2015)
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-50-100 pM for 24- 48h, In vitro: HCT-116,
Caco-2, SW-480

-Arrests cell cycle

-At S and G2/M phase

(Gonzalez-Sarrias et
al., 2014; Gonzalez-
Sarrias et al., 2017)

-100 puM for 48h, In vitro: Caco-2, HT-29,
and SW-480

-Modulates miR levels

-fCDKNI1A, miR-215, tmiR-224

(Gonzalez-Sarrias et
al., 2016)

Ellagicacid + 5-FU

-2.5-25 uM for 24h, In vitro: HT-29

-Induces apoptosis

-|MMP, 1Bax/Bcl-2, caspase-3

(Kao et al., 2012)

Urolithin A+ 5-FU and
5’DFUR

-10-20 uM for 24h, In vitro: Caco-2, SW-
480 and HT-29

-Induces apoptosis
-Arrests cell cycle

-1Caspase-8, -9
-At S and G2/M phase
-1Cyclin A, B1

(Gonzalez-Sarrias et
al., 2015)

Rosmarinic acid

-5-100 puM for 3-24h, In vitro: COLO-205

-Induces apoptosis

-1Fas, FasL, caspase-3, -8, -9, Bid,
Bax
-1Cyt-c, AIF, c-PARP, DFF-45

(Cheng et al., 2011)

Caffeic acid

-2.5-10 mg for 16 wks, In vivo: DMH -Improves pre-malignant lesion and -|ACF formation, (Karthikkumar et al.,

induced male Wistar rats antioxidant status -1 Antioxidant status 2012; Karthikkumar
-Inhibits cell proliferation -|PCNA et al., 2015)
-Suppresses inflammation -JCOX-2, TNF-a, IL-6, NFxB

-2.5-10 mg for 16 wks, In vivo. DMH -Reduces tumor incidence  and -|Polyp (Venkatachalam et

induced male Wistar rats multiplicity -1 Antioxidant status al., 2013;
-Induces apoptosis -lphase I and tphase Il enzyme Venkatachalam et

-1p53, caspase-3, -9, Bax, |[Bcl-2  al., 2016)

-500-2000 uM for 12-48h, Invitro: HCT-15 -Induces apoptosis -tROS, |MMP (Jaganathan, 2012)
-Arrests cell cycle -At sub-G1 phase

-2.5-40 pg/mL for 72h, In vitro: HCT-116 -Induces apoptosis -Tc-PARP (Yimetal., 2012)

-70 uM for 24h, In vitro: HCT-116

-Controls DNA damage

- | DNA topoisomerase Il activity

(Kuriyama et al.,
2013)

Caffeic acid derivatives

-10-100 puM for 24h, In vitro: HCT-116 and
SW-480

-50 nmol/kg for 16 wks, In vivo: Xenograft
model of CRC

-Inhibits cell proliferation
-Arrests cell cycle
-Induces apoptosis
-Anti-metastasis effects
-Decreasestumor growth

-INF-kB, p-Akt, mTOR, Erk1/2,
PCNA

-JFASN, TAMPK

-At G0/G1 phase

-tp21, |cyclin D1, cyclin E,
CDK4, c-MYC, Lamin A
-1E-cadherin, | N-cadherin
-1Survival rate

(Chiang et al., 2014)

-10-80 uM for 48h, In vitro: HCT-116 and
HT-29

-5-20 mg/kg for 42 days, In vivo: Xenograft
model of CRC

-Induces apoptosis
-Arrests cell cycle
-Suppresses invasion
-Decreasestumor growth

-1p53, c-caspase-3,
p38MAPK, cyto-c

-At G0/G1 phase

-1p21, p27, |CDK4, c-MYC

Bax,

(Tang et al., 2017)
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-lVEFG
-1Survival rate

Resveratrol

-1-10 pM for 14 days, In vitro: HCT-116
and SW-480

-Inhibits cell proliferation
-Suppresses migration and invasion

- INF-B, 1Sirt]
-|MMP-9, CXCR4

(Buhrmann et al.,
2016)

-1-100 pmol for 24-72h, In vitro: SW-620

-Inhibits cell proliferation
-Induces apoptosis

-} Ras, Raf, MEK, Erk1/2

-1Bak1, Bok, Bik, Noxa, Bad, Bax,
p53, Apafl

-1Bcl-2, Bel-xL, Bagl
-1c-caspase-3, -7, -9, PARP

(Chen et al., 2016)

-20-80 pmol for 24-48h, In vitro: HCT-116
-5-150 mg/kg for 4 wks, In vivo: Xenograft
model of CRC

-Inhibits cell proliferation
-Suppresses tumor growth

- | PI3K/Akt, Wnt/B-catenin

(Liu, Y.-Z. et al,
2014)

-20-50 pM for 920-22h, In vitro: HCT-116
and SW-480

-Inhibits cell proliferation

-l Wnt/B-catenin, GSK38;, T
brachyury, conductin, cyclin D1
-Disrupt TCF/ B-catenin
interaction

(Chenetal., 2012)

-10-100 puM for 24h, In vitro: HCT-116 and
Caco-2

-Induces apoptosis
-Arrests cell cycle

-tc-PARP, caspase-7, -9
-At G1/S phase
-|Cyclin DI,
PCNA, p21

CDK2, CDK4,

(Liu, B. etal., 2014)

-150-300 ppm for 91 days, In vivo:
APCCKO/Kras™t mouse model

-Suppresses tumor growth
-Induces epigenetic modification

-|K-ras, B-raf, Erk, PI3K/Akt, B-
catenin

(Saud et al., 2014)

-TmiR-96
-20-40 uM for 24-48h, In vitro: LoVo -Inhibits cell proliferation -1PCNA, p38MAPK (Yuan et al., 2016)
-50-150 mg/kg for 4 wks, In vivo: Ectopic  -Arrests cell cycle -At S phase

tumor model

-Induces apoptosis
-Decreases tumor growth

-1Bax, |Bcl-2

-10-50 puM for 48h, In vitro: Caco-2 and
SW-480

-Anti-inflammatory effects

-|iNOS, TLR-4, p-IxB, NF-kB

(Panaro et al., 2012)

-10-30 uM for 72h, In vitro: HCA-17, SW-
480 and HT-29

-Inhibits cell proliferation

-|COX-2, PGE2

(Feng et al., 2016)

-15-50 pM for 24-48h, In vitro: LoVo and
HCT-116

-Suppresses invasion and metastasis

- Wnt/B-catenin, c-MYC, MMP-7

(Jietal.,, 2013)

-1-100 pM for 48h, In vitro: HT-29

-Induces epigenetic modification

-THistone gH2AX levels

(San Hipdlito-
Luengo et al., 2017)

Resveratrol analogue

-50 mg/kg for 8 wks, In vivo: AOM and DSS
induced C57BL/6 mice

-Inhibits tumor growth
-Suppresses inflammation

-|NF-kB p65, TNF-qa, IL-6, mouse
mast cell protease-1

(Xuan et al., 2016)
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-1-10 pg/mL for 24h, In vitro: HCT-116 and
HT-29

-Induces apoptosis

-1TRAIL receptors, DR4, DRS5,
caspase-3, -8, -9, PARP

(Park et al., 2016)

-tROS, INK
-25-100 puM for 24h, In vitro: HCT-116 -Inhibits cell proliferation - PI3K/Akt (Kim et al., 2017)
-Induces apoptosis -1Bax/Bcl-2 ratio, cyto-c, caspase-
-Arrests cell cycle 3,-8,-9, c-PARP

-At G2/M phase

-5-50 uM for 24h, In vitro: COLO-205
-10 mg/kg for 15 days, In vivo: Xenograft
mouse model

-Inhibits cell proliferation
-Induces apoptosis
-Activates autophagy
-Suppresses tumor growth

-lp-mTOR/ p70S6K, PI3K/Akt, p-
38MAPK, p-Erk1/2, p-INK %2
-1¢c-PARP, DFF-45, caspase-3, -8,
-9

-tLC3B I/l

-JCOX-2, MMP-9, VEGF, cyclin
D1

(Cheng et al., 2014)

Resveratrol metabolites

-30 uM for 48h, In vitro: SW-480 and SW-  -Inhibits cell proliferation -tYH2AX, ATR (Airesetal., 2013)
620 -Induces apoptosis -1p53, c-PARP, caspase-3
-Arrests cell cycle -At S phase
-1p21
-1-100 pM for 48h, In vitro: Caco-2 and -Arrests cell cycle -At G1 phase (Polycarpou et al.,
HCT-116 -}Cyclin D1 2013)

-20-40 uM for 24-48h, In vitro: HCT-116
and HT-29

-Inhibits cell proliferation
-Induces apoptosis
-Arrests cell cycle

-1p53, Bax, c-caspase-3, PARP
-At S phase
-1p21, |cyclin E, p-Rb

(Sun et al., 2016)

Resveratrol +
other polyphenols

-100 uM for 24h, In vitro: Caco-2

-Inhibits cell proliferation
-Induces apoptosis

-|p-Akt, MAPK/Erk1/2
-1c-PARP, caspase-9

(De Maria et al.,
2013)

-9 uM for 24h, In vitro: CSC cells
-0.03% and 0.12% wi/w for 4 wks, In vivo:
AOM induced tumor

-Inhibits cell proliferation
-Induces apoptosis
-Suppressestumor growth

- Wnt/B-catenin, c-MYC, cyclin
D1
-1p53, cyto-c, Bax/Bcl-2, c-PARP

(Reddivari et al.,
2016)

-0-30 pg/mL for 24h, In vitro: HT-29

-Induces epigenetic modification

_|miR-27a, ZBTB10

(Del Follo-Martinez
etal., 2013)

Resveratrol + 5-FU

-10 uM for 48h, In vitro: DLD-1

-Inhibits cell proliferation

- |p-Akt, MAPK/Erk1/2

(Kumazaki et al.,

-Induces apoptosis -1p53, c-PARP 2013)
-Induces epigenetic modification -1 miR-34a
Curcumin -15-45 mg/mL for 24-72h, In vitro: LoVo -Inhibits cell proliferation - PI3K/Akt (Jiang et al., 2014)

-Induces apoptosis

-1Caspase-3, cyto-c, Bax, |Bcl-2

-30 uM for 4h, In vitro: HCT-116

-Inhibits cell proliferation
-Induces autophagy

-lEIF2, elF4/p70S6K, p-mTOR
-1 Autophagosome
-1Lampl1, Hsp70

(Wang, J. et al,
2016)
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-200 puM for 1h, In vitro: SW-620 and SW-  -Inhibits cell proliferation -JmTORCI, 1p-Erk1/2, p- (Satoetal., 2017)
480 AMPKal
-0.01-100 pM for 24h, In vitro: MC38 -Inhibits cell proliferation -lp-MEK (Fenton and

McCaskey, 2013)

-10-40 pmol/L for 24h, In vitro: SW-620

-Inhibits cell proliferation
-Suppresses EMT

- Wnt, B-catenin, TCF4, 1 Axin
-TNKD2, E-cadherin, |vimentin,
CXCR4

(Zhang, Z. et al,
2016)

-5-20 puM for 24h, In vitro: SW-480, HT-29 -Decreases  pro-protein  convertase -|p-Akt (Zhu, J. et al., 2013)
and Caco-2 activity

-20-25 uM for 24-48h, In vitro: HT-29 and  -Induces apoptosis -1GRP78 (Chang et al., 2015)

DLD-1

-30-50 uM for 3-24h, In vitro: HCT-15 -Induces apoptosis -1ROS, |Prp4 (Shehzad et al,

2013)

-5-20 pM for 12-24h, In vitro: HCT-116

-Induces autophagy

-1TFEB lysosomal pathway
-1LC3-1I1, |p62, Akt, nTOR

(Zhang, J., et al.,
2016)

-10 uM for 24h, In vitro: SW-480 and LoVo

-Suppresses invasion

-!AMPK, |p65 NF-kB, uPA,
MMP-9

(Tong et al., 2016)

-0.1-0.25 mmol/kg for 7 days, In vivo: DSS
induced tumor

-Decreases inflammation

-1Cyclin D1, CDK4, p-STAT3

(Yang et al., 2013)

-0.02% with high protein diet for 8 wks, In
vivo: AOM induced tumor

-Suppresses inflammation

-JCOX-2, iNOS, NO, TNF-a,
- Colonic proliferation

(Byun et al., 2015)

-300 mg/Kg/day for 7 wks, In vivo: AOM

-Suppresses inflammation

-JCOX-2, TNF-a, IL-6, NF-xB,

(Kubota et al., 2012)

induced tumor -Improves adipocytokine levels TAMPK
-} Leptin
-1000-5000 ppm 16 wks, In vivo: DSS -Suppresses inflammation -JCOX-2, iNOS (Murakami et al.,

induced tumor

2013)

-60 mg/kg/day for 12 wks, In vivo: DMH

-Reduces oxidative and nitrosative stress

-|iNOS, 1TGF-B1, HES-1

(Bounaama et al.,

induced tumor -Reduces arginase activity -JACF formation 2012)
-Induces apoptosis
-2.5-5 uM for 5 days, In vitro: HT-29 -Induces epigenetic modification -CpG methylation (Guo et al., 2015)

-|Histone deacetylases subtypes,
DNA methyltransferases

-12.5 pM for 48h, In vitro: HCT-116

-Induces epigenetic modification

-tmiR-491,  |PEGI10,
catenin

Wnt/p-

(Lietal., 2018)

-10-30 puM for 24h, In vitro: RKO and SW-
480

-Induces epigenetic modification

-}miR-20a, miR-27a, miR-17-5p

(Gandhy et al., 2012)

-2.5-10 pg/mL, In vitro: SW-480 and HT-29

-Decreases drug resistance by inducing

epigenetic modification

-Disrupt miR-27a-ZBTB1-SP

(Noratto et al., 2013)
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Curcumin analogue

-0.01-100 pM for 24h, In vitro: MC38

-Inhibits cell proliferation
-Induces apoptosis
-Arrests cell cycle

-JEGFR

-1Caspase-3, c-PARP, Bax/Bcl-2,
LHSP90, HSP70

-At G2/M phase

-1p21, |cyclin D1, cyclin E, p-Rb

(Qiu et al., 2013)

-5-60 uM for 48h, In vitro: SW-480

-Inhibits cell proliferation
-Arrests cell cycle
-Induces apoptosis

-JGSK-3p
-At GO/G1 phase, |cyclin D1
-1Caspase 3, -8, -9

(Sufietal., 2017)

-10-20 uM for 6-24h, In vitro: HCT-116

-Inhibits cell proliferation
-Induces apoptosis

-| TNF-a induces NF-kB activation
-tCaspase-3, cyto-c, c-PARP
-1ROS, INK, [MMP

(Waghela et al.,
2015)

-3.75 X10° M for 24h, In vitro: HCT-116

-Activates nuclear receptor

-1VDR, RAR, RXR

(Batie et al., 2013)

-2.5-7.5 uM for 24h, In vitro: HCT-116, -Induces apoptosis -tROS, |MMP (He et al., 2016)
SW-480 and HT-29 -1Caspase-3, -9, cyto-c

-2.5-10 uM for 24h, Invitro: HCT-116, SW-  -Induces apoptosis -tROS, c¢-PARP, c-caspase-3, (Zhangetal., 2017)
620 and CT-26 -Arrests cell cycle |Bcl-2

-25-50 mg/kg for 10-15 days, In vivo:
Xenograft mouse model

-Induces ER stress
-Suppresses tumor growth

-At G2/M phase

-IMDM2, CDC2, cyclin Bl
-tPKR, PERK, elF2a,
CHOP

ATF4,

-20-30 puM for 24-48h, In vitro: HCT-116

-Induces apoptosis
-Induces ER stress
-Induces autophagy

-tCaspase-7, -8, -9, cyto-c
-fCHOP, ATF6, XBP1, GRP7S,
HERPUD1

-1 Autophagosome formation,
LC3-I to LC3-11 conversion

(Basile et al., 2013)

-3-9 uM for 24h, In vitro: SW-480

-Suppresses metastasis

-1Zeb 1, Hef 1, Claudin 1

(Esmatabadi et al.,
2015)

-620nM-25uM for 24h, In vitro: HCT-116

-Decreases angiogenesis

-|VEGF, HIF-1a, STAT-3, COX-

(Rajitha et al., 2017)

and HT-29 2

-5-25 mg/kg for 3 wks, In vivo: Xenograft

mouse model

-100 nM for 72h, Invitro: HCT-116 and HT-  -Induces epigenetic modification -JmiR-21 (Roy et al., 2013)
29

-2.0 uM for 48h, Invitro: HCT-116 and HT- -Increases therapeutic  efficacy by -|miR-21 (Yuetal., 2013)

29

inducing epigenetic modification

-100 nM for 72h, In vitro; HCT-116

-Induces epigenetic modification

-tmiR-34a, miR-34c, |Notch-1

(Kubota et al., 2012)
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-5-20 pM for 12-48h, In vitro: DLD1,
HCT116, LS513, and RKO

-Induces epigenetic modification

-TAryl
activity

hydrocarbon  receptor

(Megna et al., 2017)

-3-9 uM for 48h, In vitro: SW-480

-Suppresses drug resistance activity

-la, B integrin, 1PDK4

(Javadi et al., 2017)

Curcumin +
other compounds

-12.5 pM for 48h, In vitro: DLD-1

-Induces apoptosis

-tCaspase-3, -7

(Montgomery et al.,
2016)

-25 ppm for 24h, In vitro: SW-480

-Induces apoptosis

-1Caspase-3, Bax/Bcl-2

(Murthy et al., 2013)

-7.5 uM for 24h, In vitro: HCT-116 and HT-
29

-Inhibits cell proliferation
-Induces apoptosis

-1Sp1, Survivin, NF-kB
-tCaspase-3, -7, C-PARP, ROS,
|MMP

(Sankpal et al.,
2016)

-0.0005-10 pg/mL for 24h, In vitro: HCT-
116

-30 mg/kg for 10 days, In vivo: Xenograft
mouse model

-Induces apoptosis

-1DR4, DR5

(Yang et al., 2017)

-0.2 wt %, In vivo: AOM induced tumor

-Suppresses inflammation
-Decreases colon carcinogenesis

-|IL-6, IL-1p, Akt, NF-xB

(Wu et al., 2017)

Curcumin + 5-FU

-5 uM for 24h, In vitro: HCT-116

-Suppresses metastasis ability

- INF-kB, TGF-B, p-Smad2

(Buhrmann et al.,
2014)

-30-130 pmol/L for 48h, In vitro: SW-480
and SW-620

-Induces apoptosis
-Arrests cell cycle
-Enhances ER stress

-1Bax, cyto-c, |Bcl-2
-At G0/G1 phase
-1ROS, CHOP, Noxa

(Zhao, H. et al.,

2017)

-5 uM for 24h, In vitro: HCT-116 and HCT-
116+ch3

-Inhibits cell proliferation
-Induces apoptosis
-Suppresses metastasis

-1Cyclin D1, NF-kB, IxBa, PI3K,
Src

-TCaspase-8, -9, -3, PARP, Bax ,
|Bcl-xL

-|MMP-9, CXCR4

(Shakibaei et al.,
2015; Shakibaei et
al., 2013)

Curcumin + diclofenac

-25-75 mg/kg for 6 wks, In vivo: DMH
induced tumor

-Suppresses tumor growth
-Induces apoptosis

-Decreases telomerase activity
-Arrests cell cycle

-|PI3K/, Akt, PTEN

-1Bad, Bax, |Bcl-2, fcaspase-3, -9
-|TERT

-JCDK2, CDK4, cyclin D1, cyclin
E

-1P53, Rb, p21

(Rana et al., 2015a;
Rana et al., 2015b)

Terpenoids

Ursolic acid

-20-80 pM for 24h, In vitro: HT-29
-12.5 mg/kg for 16 days, In vivo: Xenograft
mouse model

-Inhibits cell proliferation
-Suppresses angiogenesis
-Decreases tumor volume

-|SHH,
p70S6K
-|VEGF-A, bFGF

p-STAT3,p-Akt, p-

(Linetal., 2013a)

-20-80 pM for 24h, In vitro: HT-29

-Inhibits cell proliferation
-Induces apoptosis

-JPCNA, p-STATS, p-Erk, p-JNK,
p-p38MAPK

(Lin etal., 2013b)
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-12.5 mg/kg for 16 days, In vivo: Xenograft
mouse model

-Arrests cell cycle
-Reduces tumor growth

-1Bax/Bcl-2
-AT G1/S phase,
-|Cyclin D1, CDK4, 1p21

-20-60 pM for 48h, In vitro: HCT-15 and
DLD-1

-Inhibits cell proliferation

|B-catenin, cyclin D1, c¢c-MYC,
axin2

(Kim, J.-H. et al.,
2014)

-15 uM for 24h, In vitro: CT-29

-Induces apoptosis

-1Caspase-3, c-PARP, Bax, |Bcl-
2, survivin

(Koh et al., 2012)

-10-20 uM for 48h, In vitro: SW-480 and
LoVo

-Inhibits cell proliferation
-Induces apoptosis
-Suppresses migration

-lp-PI3K/Akt, p-Erk, p-mTOR,
COX-2, PGE-2, NF-xB
-1¢c-PARP, caspase-3, -9, cyto-c
-|MMP-9, 1CDH1

(Wang, J. et al,

2013b)

Ursolic acid +
capecitabine

-5-20 uM for 24h, In vitro: HCT-116
-250 mg/kg for 4 wks, In vivo: Xenograft
mouse model

-Inhibits cell proliferation
-Suppresses inflammation
-Induces apoptosis
-Suppresses metastasis
-Increases chemo-sensitization
-Decreases tumor volume

-1Ki-67, STAT3, EGFR, B-catenin
-1p53, p21

-}Bcl-xL, Bcl-2, cFLIP, survivin,
cyclin D1

-JCOX-2, PGE2, NF-xkB
-\MMP-9, BEGF, ICAM-1

(Prasad et al., 2012)

Ursolic acid +
melatonin

-10-60 pM for 48h, In vitro: SW-480 and
LoVo

-Inhibits cell proliferation
-Induces apoptosis
-Suppresses migration
-Increases chemo-sensitization

-JCOX-2, NF-xB
-1Cyto-c, c-PARP, c-caspase-3, -9
-IMMP-9

(Wang, J. et al,

2013a)

Ursolic acid + 5-FU
and oxaliplatin

-20-40 pmol/L for 24h, In vitro: RKO, SW-
480 and LoVo

-Reduces drug resistance activity
-Suppresses angiogenesis
-Increases chemo-sensitization

-IMDR1
-|HIF-10, VEGF

(Shan et al., 2016)

Betulinic acid or
its derivatives

-5-15 uM for 24-48h, In vitro: SW-480 and
RKO

25 mg/kg for 22 days, In vivo: Xenograft
mouse model

-Induces epigenetic modification
-Decreases tumor growth

-1Spl, Sp3, Sp4

-|Survivin, VEGF, p65-NFxB,
EGFR, cyclin D1, pituitary tumor
transforming gene-1

-TROS, miR-27a, ZBTB10

(Chintharlapalli et
al., 2011)

-14.9 pM for 12-48h, In vitro: HT-29

-Induces apoptosis

-fROS, DNA  fragmentation,
IMMP
-tCaspase-3, -9, Bax, Bad, |Bcl-2,
Bcel-xI

(Chakraborty et al.,
2015)

-14.9 uM for 12-48h, In vitro: HT-29

-Induces autophagy

-1Beclinl, Atg 3, Atg5, Atg 7, Atg
5-12

-1p62, TLC3B, Bax

-|Proteasomal degradation

(Dutta et al., 2016)
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Organosulfur
Compounds

Sulforaphene

-2.5-5 uM for 24h, In vitro: HCT-116

-1-5 mg/kg for 13 days, In vivo: Xenograft

mouse model

-Induces apoptosis

-Arrests cell cycle

-Reduces microtubules polymerization
-Decreases tumor growth

-1¢-PARP, p-MK2, p-p38MAPK,
p-JNK

-At G2/M phase,

-1ROS, |glutathione

(Byun et al., 2016)

-25-100 uM for 24h, In vitro: Caco-2

-Regulates Phase Il enzyme
-Induces apoptosis
-Arrests cell cycle

-tUGTI1A, Nrf2
-1Bax, |Bcl-2
-At G1/G2

(Wang et al., 2014)

-10-20 pM for 24h, In vitro: DLD-1, HCT-

116 and LoVo

-Inhibits cell proliferation

-1p27KIPI, | SKP2

(Chung et al., 2015)

-10-40 pM for 48h, In vitro: HCT-116

-Induces apoptosis
-Induces ER stress
-Arrests cell cycle

-fROS, Ca?*, |MMP, fcyto-c,
DRA4,DR5, TRAIL, caspase-3, -4, -
8, -9, c-PARP

-tCalpain 1, ATF6a, ATF6p,
GADD153, GRP78

-At G2/M phase

-1Cyclin A, cyclin B, CDK2,
WEEI, |CDC25C, CDK1

(Liu et al., 2016)

-25 UM for 24h, In vitro: Caco-2

-Induces autophagy

-1LC3-1I, UGT1A
-INrf2, hPXR

(Wang, M., 2012)

-100 pg/mL for 72h, In vitro: Caco-2

-Improves drug delivery system

-|EGFR degradation

(Behray et al., 2016)

-5-20 pM, In vitro: SW-480

-Induces apoptosis

-fROS, |MMP, |Bcl2, 1Bax,
caspase-3, -7, -9
-1p-Erk1/2, p-p38MAPK

(Lan etal., 2017)

-12.5-50 pM for 6 h, In vitro: HCT-116

-Suppresses angiogenesis and migration

-|HIF-1a, VEGF

(Kim et al., 2015)

-In vitro: HCT-116 and RKO

-Induces epigenetic modification

-lmiR-21, HDAC1
-lhTERT mRNA, telomerase
protein, enzymatic levels

(Martin et al., 2018)

-In vitro: HCT-116 and HT-29

-Induces epigenetic modification

-Controls pseudogene, NMRAL2P,
NQO1 induction

(Johnson et al.,
2017)

Indole-3-carbinol
derivatives

-0.5-4 uM for 24h, In vitro: HCT-116 and

HT-29

-20-100 mg/kg for 21 days, In vivo:

Xenograft mouse model

-Inhibits cell proliferation
-Induces apoptosis
-Decreases tumor growth

-|Akt, nTOR, GSK3
-1p53, p21, |Bel-2, ASK1

(Kim et al., 2011)
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-60 pM for 24-72h, In vitro: HCT-116 and -Induces apoptosis -INDRG1 (Lerner et al., 2011)
Colo-320

-50 pM for 24h, In vitro: HCT-116 and SW-  -Suppresses cell growth -}Cyclin D1, cyclin A, NF-xB (Fadlalla et al.,
480 2015)
-500 puM for 24h, Invitro: DLD1, HCT116, -Induces epigenetic modification -TAryl  hydrocarbon  receptor (Megna et al., 2016)
HT-29, LS513 and RKO activity, CYP1Al mRNA

expression
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Table 3

Use of dietary phytochemicals for CRC prevention and their associated molecular targets: evidence in clinical studies.

Phytochemicals

Study subject

Dose and duration

Main outcome

Reference

Curcumin

Patients with ACF (n=41)

2-4 g/ day for 30 days

-|ACF number (40%)

(Carroll et al., 2011)

Patients with detected CRC

360 mg three times/ day for 10 to 30 days

-1P53, Bax, |Bcl-2

(He et al., 2011)

(n=126)
Patients with advanced CRC 3 g/ day for 1 month -1T helper 1 cells (Xu etal., 2017)
(n=40)
Curcuminoids Patients with detected CRC 0.45, 0.9, 1.8 and 3.6 g/ day until disease -|PGE2 production in the blood (Sharma et al., 2004)
(n=15) progression or withdrawal
Patients with detected CRC 0.45, 1.8, or 3.6 g/day for 1week before surgical -|DNA oxidation (Garcea et al., 2005)
(n=12) procedure
Curcumin + Patients with prior 1.44 g curcumin and 60 mg quercetin /day for 6 -|Number and size of adenomatous (Cruz—Correa et al.,
quercetin colectomy and FAP (n=5) months polyp 2006)
Curcumin + Patients ~ with  multiple treatment for 3 months -}Colon polyp (Alfonso-Moreno et
silibinin adenomatous polyps al., 2017)
Resveratrol Patients  with  resectable 0.5 or 1 g/ day for 5 days - | Proliferation marker Ki-67 (5%) (Patel et al., 2010)
CRC (n=20)
Micronized Patients  with hepatic 5 g/ day for 10 to 21 days -Tcleavedcaspase-3 (39%). (Howells et al., 2011)
resveratrol metastasis CRC (n=9)
Grape powder and  Patients with CRC (n= 8) 80 g grape powder with 0.07 mg resveratrol or -No  significant changes were (Nguyen et al., 2009)
resveratrol 120 g grape powder with 0.11 mg resveratrol/ observed
day for 19 days
Green tea extract ~ Patients with highly risk 1.5 g/ day for 12 months -} Incidence of (Shimizu et al., 2008)
CRC (n=163) metachronouscolorectral — adenomas

and the size of relapsed adenomas

Patients with
metachronous colorectal
adenoma (n=143)

0.9 ¢/ day for 12 months

-|Recurrent polyps and relapsed
adenomas

(Shinetal., 2017)

EGCG + apigenin

Patients with CRC (n= 36)
and following polypectomy
(n=51)

20 mg EGCG and 20 mg
apigenin/ day for 2-5 years

-} The rate of colon neoplasia

(Hoensch et al., 2008)

EGCG with other
polyphenols

Patients  with hepatic
metastasis CRC (n= 19)

237 or 474 mg/ day for 6-9 months

- |Hepatic arterial infusion

(Baba et al., 2012)
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Bilberry Patients with CRC (n= 15) 1.4, 2.8 or 5.6 g/ day for 7 days - | Proliferation marker ki-67 (7%) (Thomasset et al,

anthocyanins 2009)
extract
Silybin + Patients with metastatic 188 mg of silybin, 388 mg of -1Survival rate of the patients (Belli et al., 2017)
regorafenib CRC (n=22) phosphatidylcholine, and 60 mg of vitamin E/

day
Pomegranate Patients with CRC (n=52) 900 mg/ day for 30 days -Metabolites were detected in plasma, (Nufiez-Sanchez et al.,
extract urine and colon tissue 2014)
Ellagetenins- Patients with CRC (n= 35) 900 mg/ day for 35 days -JCTNNBI1, CDKNI1A, CD44, TYMs (Nufiez-Sanchez et al.,
containing and EGFR 2017)
pomegranate
extract
Flavonoids Patients with newly detected 500 UM (quercetin + rutin) -} Oxidative stress (Kurzawa-Zegota et
(quercetin and CRC al., 2012)
rutin)
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Table 4

Ongoing and completed clinical trials dealing with dietary phytochemicals as a single agent or as adjuvant in standard chemotherapies in CRC patients
(https://clinicaltrials.gov).

Compound Trial title Phase Intervention Primary Status ClinicalTrials.go
Purpose v ldentifier
Curcumin Curcumin in combination with 5-FU for CC Phase 0 Drug: Curcumin and 5-FU Treatment Recruiting NCT02724202
Study investigating the ability of plant exosomesto Phase DS: Curcumin and curcumin conjugated Treatment Active, not NCT01294072
deliver curcumin to normal and colon cancer tissue with plant exosomes recruiting
Phase IIl trial of gemcitabine, curcumin and Phase 3 Drug: Celecoxib and Curcumin Treatment Unknown NCT00295035
celebrex in patients with metastatic CC
Curcumin for the prevention of CC Phase 1 DS: Curcumin Prevention ~ Completed NCT00027495
Sulindac and plant compounds in preventing CC - DS: Curcumin and rutin Prevention ~ Terminated NCT00003365
Drug: Quercetin and sulindac
Curcumin in preventing CRC in patients Phasel DS :Curcumin Prevention  Unknown NCTO00973869
undergoing colorectal endoscopy or colorectal Procedure: Diagnostic endoscopic and
surgery therapeutic conventional surgery
Combining curcumin with FOLFOX chemotherapy Phase land Drug: Oral complex C3 Treatment Active, not NCT01490996
in patients with inoperable CRC Phase 2 curcumin + chemotherapy recruiting
and chemotherapy only
A prospective evaluation of the effect of curcumin  Phase 1 DS: Curcumin Basic Active, not NCT01859858
on dose limiting toxicity and pharmacokinetics of Drug: Irinotecan science recruiting
irinotecan in patients with solid tumors
Curcumin with pre-operative capecitabine and Phase 2 Drug: Curcumin and capecitabine Treatment Active, not NCT00745134
radiation therapy followed by surgery for rectal Drug: Placebo recruiting
cancer Radiation: Radiotherapy
The effects of curcuminoids on ACF in the human - Drug: Sulindacand curcumin Prevention  Terminated NCT00176618
colon
Curcumin for the chemoprevention of CRC Phase 2 Drug: Curcuminoids Prevention  Completed NCT00118989
Use of curcumin for treatment of intestinal - Drug: Calcumin (Curcumin) Treatment Recruiting NCT00927485
adenomas in FAP Other: Risk factor, questionnaire,blood
samples, biopsies (sigmoidoscopy and
upper endoscopy)
Avastin/FOLFIRI in combination With curcumin in ~ Phase 2 Drug: Avastin/FOLFIRI Treatment Enrollingby  NCT02439385
CRC patients with unresectable metastasis DS: Curcumin invitation
Curcumin biomarkers Phase 1 Drug: Curcumin C3 tablet Completed NCT01333917
Curcumin in treating patients with FAP Phase 2 Drug: Curcumin Treatment Active, not NCT00641147
Other: Laboratory biomarker analysis, recruiting

placebo
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Resveratrol Resveratrol for patients with CC Phase 1 Drug: Resveratrol Treatment Completed NCT00256334
Phase | biomarker study of dietary grape-derived Phase 1 DS: Grapes Prevention  Unknown NCT00578396
low dose resveratrol for CC prevention
Resveratrol in treating patients with CRC that can Phase 1 Drug: Resveratrol Treatment Completed NCTO00433576
be removed by surgery Other: pharmacological study and

laboratory biomarker analysis
A clinical study to assess the safety, Phasel Drug: Placebo and SRT501 Basic Completed NCT00920803
pharmacokinetics, and pharmacodynamics of Science
SRT501 in subjects with CRC and hepatic
metastases

Quercetin Cancer associated thrombosis and isoquercetin  Phase 2 and Drug: Isoquercetin Treatment Recruiting NCT02195232
(CAT 1Q) Phase 3

Anthocyanin Anthocyanin extract and phospholipid curcumin in  Phase 2 DS: Mirtoselect® + Meriva® Prevention Recruiting NCT01948661
colorectal adenoma

Genistein Genistein in treatment of metastatic CRC Phase 1 and Drug: Genistein Treatment Recruiting NCT01985763

Phase 2
EGCG Chemopreventive effects of EGCG in CRC patients - DS: EGCG Prevention  Not yet NCT02891538
recruiting
Oral GET and milk thistle extract to CRC patients Phase 1 Drug: Green tea and milk thistle suppleme  Treatment Recruiting NCT01239095
undergoing resection nts
Polyphenon E in treating patients with high-risk of Phase 2 Drug: Defined EGCG extractOther: Placeb  Treatment Active, not NCT01606124
CRC 0,questionnaire administration recruiting
and laboratory biomarker
analysis
Minimizing the risk of metachronous adenomas of Phase 2 DS: GET of Camellia sinensis Prevention Recruiting NCT01360320
the colorectum with GET -MIRACLE- DS: GET of Camellia sinensis followed by
placebo
GETs for the Prevention of colorectal Adenomas - DS: GTE Prevention Completed NCT02321969
and CRC
Pilot study of GTE (Polyphenon E®) in ulcerative Phase 2 Drug: Polyphenon E® Treatment Completed NCT00718094
colitis

Ellagitannins Pomegranate extract supplementation in CRC Phase 1 and DS: Standard pomegranate extract Treatment Completed NCT01916239

and ellagic acid  patients Phase 2 formulation

DS: Pomegranate extract formulation-1
and -2

Colon cancer, CC; Colorectal cancer, CRC; Fluorouracil, 5-FU; Dietary Supplement, DS; Aberrant crypt foci, ACF; Familial adenomat polyposis, FAP; Epigallocatechin gallate,
EGCG; Green tea extract, GTE.
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Fig. 6.
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Fig. 7.
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