
Shaping functional gut microbiota using dietary bioactives to 
reduce colon cancer risk

Derek V. Seidela, M. Andrea Azcárate-Perilb, Robert S. Chapkinc, and Nancy D. Turnerd,*

aNutrition and Food Science Department and Faculty of Genetics, Texas A&M University, College 
Station, TX, USA, 77843-2253

bDepartment of Medicine GI Division, University of North Carolina, Chapel Hill, NC 27599-7555

cNutrition and Food Science Department and Faculty of Genetics, Texas A&M University, College 
Station, TX, USA 77843-2253

dNutrition and Food Science Department and Faculty of Genetics, Texas A&M University, College 
Station, TX, USA 77843-2253

Abstract

Colon cancer is a multifactorial disease associated with a variety of lifestyle factors. Alterations in 

the gut microbiota and the intestinal metabolome are noted during colon carcinogenesis, 

implicating them as critical contributors or results of the disease process. Diet is a known 

determinant of health, and as a modifier of the gut microbiota and its metabolism, a critical 

element in maintenance of intestinal health. This review summarizes recent evidence 

demonstrating the role and responses of the intestinal microbiota during colon tumorigenesis and 

the ability of dietary bioactive compounds and probiotics to impact colon health from the intestinal 

lumen to the epithelium and systemically. We first describe changes to the intestinal microbiome, 

metabolome, and epithelium associated with colon carcinogenesis. This is followed by a 

discussion of recent evidence indicating how specific classes of dietary bioactives, prebiotics, or 

probiotics affect colon carcinogenesis. Lastly, we briefly address the prospects of using multiple 

‘omics’ techniques to integrate the effects of diet, host, and microbiota on colon tumorigenesis 

with the goal of more fully appreciating the interconnectedness of these systems and thus, how 

these approaches can be used to advance personalized nutrition strategies and nutrition research.
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1. Introduction

Colon cancer is associated with various risk factors including abdominal obesity, chronic 

inflammation, and mutagen exposure [1–5]. The classically-defined hallmarks of cancer are: 

1) self-sufficiency in growth signals, 2) insensitivity to growth-inhibitory signals, 3) evasion 

of apoptosis, 4) limitless replicative potential, 5) sustained angiogenesis, and 6) tissue 

invasion and metastasis [6, 7]. More recently, two emerging hallmarks of cancer have been 

proposed: 1) deregulated cellular energetics, and 2) avoidance of immune destruction [8]. 

Indeed, cancer cells are known to exhibit altered metabolism (i.e., the Warburg effect) [9–

11]. In addition, tumor-promoting inflammation, and genome instability and mutation have 

been proposed as cancer enabling characteristics [8]. Alterations in the epigenome, such as 

global hypomethylation and site-specific hypermethylation of tumor suppressor genes, 

regulate gene expression patterns and have been associated with colon carcinogenesis [12].

The fundamental model of sporadic cancer development involves three steps: initiation, 

promotion, and progression [13]. Initiation refers to an irreversible mutation event in the 

DNA sequence following exposure to mutagens, such as ionizing radiation, aromatic amines, 

polycyclic hydrocarbons, and oxygen free radicals [13, 14]. Promotion is characterized by 

alterations in cell apoptosis and proliferation that occur intrinsically in response to initiation 

(e.g., overexpression of mutant p53) and/or to promoters that drive proliferation and/or 

inhibit apoptosis of initiated cells [13]. Progression is characterized by structural changes in 

cell karyotype, further accumulation of genetic mutations, anaplasia, development of 

malignant neoplasms, as well as tumor invasion and metastatic growth [13, 15]. 

Interestingly, cells within the primary tumor are known to harbor heterogeneous mutation 

profiles making targeted treatment strategies more difficult [15]. Therefore, significant 

efforts are made to inhibit carcinogenesis at the initiation and promotion stages.

Colon epithelial cells exist in a mutualistic relationship with bacteria residing in the lumen. 

The gut microbiota is estimated to contain over 1,000 different ‘species-level’ phylotypes 

[16]. One recent metagenomics study reported a microbial gene catalog of 3.3 million genes, 

which is ~150 times larger than the human gene complement [16–18]. The microbial 

metagenome permits a repertoire of metabolic functions that supplement host metabolism, 

and the gut microbiota has been implicated in a number of physiological processes, 

including modulation of intestinal motility, regulation of luminal pH, stimulation of immune 

function, and metabolism of undigested food [19]. Dysbiosis refers to perturbations in 

microbial populations, and has been linked to obesity, cancer, and promotion of colonic 

inflammation (e.g., inflammatory bowel disease (IBD) and colitis) [2, 20–25]. Inflammation 

can occur in response to a variety of biological insults, including infection by pathogens, 

immune sensitivity, autoimmunity, and exposure to ionizing radiation, and has been 

implicated in both sporadic colorectal cancer (CRC) and colitis-associated colon cancer 

(CAC) [2, 5, 26–29].

Diet is a major contributor to human health and metabolism, and research has demonstrated 

that diet also contributes to the composition and metabolism of the gut microbiota [30, 31]. 

Epidemiological studies have revealed that consumption of fruits, vegetables, and whole 

grains reduces CRC risk [32–34]. The chemoprotective activity afforded by fruit, vegetable, 
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and whole grain consumption is believed to be due to the fiber content, antioxidant 

compounds, and other bioactive compounds (i.e., extra-nutritional elements of food that can 

affect living tissue) [32, 33, 35]. Diets containing bioactive compounds that directly inhibit 

proliferation and promote apoptosis of transformed cells are promising strategies for the 

prevention of colon cancer. Additionally, certain food constituents can undergo metabolism 

by the microbiota to produce secondary bioactive compounds that then affect host 

physiology, such as the fermentation of dietary fiber into short-chain fatty acids (SCFA) 

[36–40]. In this review, we give an overview of the current understanding of dietary 

bioactives in modulating the molecular, microbial, and metabolome changes that occur 

during colon carcinogenesis.

2. Host and microbe-associated alterations as contributors to colon 

carcinogenesis

2.1 Epithelial perturbations and their outcomes

Colonocytes serve several important functions including nutrient absorption, mucin 

secretion, and endocrine activity. The differentiated cell types performing these functions are 

derived from stem cell precursors that reside at the base of the intestinal crypt [41]. To date, 

there has been extensive debate regarding the identity of stem cells within the colon crypt. 

However, the leucine-rich-repeat-containing G-protein-coupled receptor 5 positive (Lgr5+) 

crypt base columnar cells are a strong candidate, as these cells undergo cell division daily 

and their daughter cells constitute the transit-amplifying crypt compartment [41]. 

Furthermore, lineage tracing studies using an inducible Cre knock-in allele and the Rosa26-

lacZ reporter strain have demonstrated restricted expression of Lgr5+ cells to the base of the 

crypt that can generate all epithelial lineages over a 60-day period [41, 42]. Daughter cells 

derived from the stem cell population will continue to divide and eventually differentiate 

into mature colonocytes as they migrate away from the base of the intestinal crypt toward 

the intestinal lumen. Mature, senescent cells, which are lost at the luminal surface via 

sloughing or spontaneous apoptosis, are normally replaced at an equal rate by proliferating 

cells [43]. Coordinated proliferation and migration of colonic epithelial cells are necessary 

for the maintenance of barrier function and epithelial restitution following an injury to the 

epithelial cells [43, 44].

Adult colon stem cells sustain self-renewal and are target cells for cancer-initiating 

mutations [42, 45]. Tissue-specific mutation accumulation in colon stem cells resulting in 

alterations in differentiation/plasticity, and stem cell location/proliferation are generally 

believed to represent the earliest step towards colon tumorigenesis [46, 47]. The onset of 

colon tumorigenesis is often driven by mutations in the Wnt signaling pathway [48–50]. 

Specifically, adenomatous polyposis coli (APC) loss-of-function or β-catenin gain-of-

function mutations result in stabilization of free β-catenin, which leads to aberrant Wnt 

signaling that can drive tumorigenesis [48–50]. Importantly, mutational activation of the 

Wnt pathway in Lgr5+ cells gives rise to intestinal tumors with greater efficiency than other 

intestinal cell types [42]. According to the cancer stem cell hypothesis, the population of 

cells that propagate tumor formation is self-renewing and multipotent [51]. Thus, intestinal 

stem cells are considered the cell-of-origin of cancer because these cells already exhibit self-
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renewing capacity and multipotency [41, 42, 52]. In addition to the concept that cancer stem 

cells are the direct products of neoplastically transformed normal adult stem cells, there is 

also evidence that transit amplifying cells with mutant genomes can dedifferentiate and enter 

the stem cell state [53]. Adding to the complexity, recent evidence indicates that multiple 

stem cell hierarchies exist in the intestine and that plasticity within stem cell hierarchies 

mediates cellular fate in response to extrinsic factors such as nutrition, inflammation, and 

physical stress signals [54–58]. Interestingly, a role for diet in the regulation of intestinal 

stem cells has been reported [59–62].

Although the expansion of initiated cells is required for tumor formation, previous work has 

shown cell proliferation to be a poorer predictor of tumor development than markers of 

differentiation and apoptosis [63]. Furthermore, tissues with relatively higher rates of 

proliferation do not appear to exhibit a higher incidence of spontaneous tumor development 

[64]. Apoptosis is a key regulator of physiological development and tissue homeostasis [65]. 

To date, two major mechanisms of apoptosis induction in mammalian cells have been 

elucidated in detail. The extrinsic (i.e., death receptor) and intrinsic (i.e., mitochondrial) 

apoptosis pathways involve caspase activation cascades leading to controlled cell death [65]. 

The extrinsic apoptosis pathway requires activation of membrane receptors of the tumor 

necrosis factor (TNF) receptor superfamily such as CD95 (APO-1/Fas) or TNF-related 

apoptosis-inducing ligand (TRAIL) receptors [65, 66]. Activation of the intrinsic pathway, 

which is often dysregulated in colon cancer, involves mitochondrial outer membrane 

permeabilization (MOMP) and subsequent release of cytochrome c and other proteins from 

the mitochondria, triggering caspase-3 activation through the formation of an apoptosome 

complex [67, 68]. B-cell lymphoma-2 (Bcl-2) family proteins, among other factors, regulate 

the intrinsic mitochondrial apoptosis pathway and appear to dictate the sensitivity or 

resistance of the cell to apoptosis induction [68–70]. Activation of the intrinsic pathway in 

response to DNA damage provides a mechanism whereby DNA damaged cells can be 

removed from the tissue, thus preventing the propagation of transformed cells or retention of 

mutated progenitor cells [68]. Inhibition of apoptosis is an important mechanism of tumor 

promotion that can arise from genetic and epigenetic alterations (e.g., p53 loss-of-function 

mutations or bcl-2 promoter hypomethylation, respectively) and exposure to chemical 

promoters [71–74]. Additional evidence of epigenetic alterations contributing to colon 

carcinogenesis is the hypermethylation of the DNA repair gene, human MutL homolog 1 

(hMLH1), which has been linked to microsatellite instability (MSI) associated colon 

carcinogenesis [75]. Therefore, dietary bioactives targeting the colonocyte epigenome are 

promising strategies for reprogramming aberrant processes associated with colon cancer, 

such as inhibition of apoptosis in transformed cells [13, 72, 76].

The unique molecular and genetic features observed in normal and diseased tissues of the 

proximal and distal colon reveal differing susceptibilities and mechanisms for disease 

initiation. One study examining gene expression profiles carried out on healthy adult human 

biopsy samples revealed more than 1000 differentially expressed genes between the 

ascending and descending colon [77]. The Cancer Genome Anatomy Project (CGAP) 

functional grouping of the differentially expressed genes revealed major pathways 

implicated in colon cancer including epidermal growth factor (EGF), transforming growth 

factor beta (TGF-β), Wnt, Ras, insulin, and integrin signaling [77]. Differences in gene 
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expression between the proximal and distal colon may result from the observed differential 

DNA methylation patterns in colonocytes [78]. Studies comparing cancers of the proximal 

and distal colon have revealed numerous differences in molecular and clinicopathological 

features, which reflect different susceptibilities to neoplastic transformation, such as the 

frequency of V-Ki-Ras2 Kirsten Rat Sarcoma 2 Viral Oncogene Homolog (KRAS) and B-

Raf Proto-Oncogene, Serine/Threonine Kinase (BRAF) mutations, and the prevalence of 

MSI [79–81]. In response to dietary fiber and carcinogen treatment, differences in 

colonocyte proliferation and differentiation between the proximal and distal rat colon have 

been observed [82]. Future research should take into consideration the unique characteristics 

of these sites during experimental design.

As mentioned previously, inflammation is a known promoter of sporadic colon cancer and 

CAC. Although the cause of onset remains unknown, CAC is characterized by elevated 

reactive oxygen species (ROS), increases in pro-inflammatory cytokines and elevated 

expression of transcription factors involved in inflammation signaling [2]. This chronic 

inflammation can lead to genome instability and mutations in critical regulatory genes, such 

as the tumor suppressor gene, p53, that can drive carcinogenesis [26, 71, 83]. For example, 

we have recently demonstrated that loss of p53 function in stem cells enables colonic tumor 

formation only when combined with DNA damage and chronic inflammation [52]. In 

sporadic CRC, inflammation is often a result of immune cell migration to the tumor site 

where activated immune cells produce ROS, reactive nitrogen intermediates, and pro-

inflammatory cytokines, which can further damage DNA and drive cell proliferation [2, 29, 

84]. Additionally, there is evidence linking inflammation to carcinogenesis via epigenetic 

modifications at critical regulatory gene loci [85–88]. It is apparent that inflammation can 

impact all stages of colon cancer development, and nutritional strategies aimed at 

modulating inflammation and ROS production may help mitigate disease risk.

2.2 Changes to microbiome/metabolome and their role in tumorigenesis

Currently, investigations into the physiological mechanisms by which the microbiota can 

influence colon cancer risk are limited due to the diversity and complexity of the microbiota. 

Despite the ongoing discussion concerning whether changes in the microbiota occur prior to 

or as a result of colon carcinogenesis, some significant observations have been made that 

suggest a causal role of the microbiota in the disease process. For example, studies 

employing rodent models of spontaneous, chemically-induced (e.g., azoxymethane, AOM), 

or genetically predisposed (e.g., APCmin/+) colon cancer demonstrate enhanced 

tumorigenesis in conventionally raised animals versus germ-free or antibiotic-treated 

animals, suggesting a promotive effect of the microbiota on tumor formation [89–95]. Often, 

the enhanced tumorigenicity in conventionally raised mice is attributed to microbially-

sustained levels of chronic low-grade inflammation that acts as a tumor promoter. However, 

activation of the innate immune system through toll-like receptor (TLR) and NOD-like 

receptor (NLR) agonists has been shown to enhance anti-tumor activity of the innate 

immune system [96, 97]. Taken together, these observations suggest a double-edged role of 

the microbiota in colon carcinogenesis that may be dependent on the degree and mechanism 

of the innate immune response activation.
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Because inflammation is a known driver of CRC, work has been conducted to better 

understand how the microbiota are altered by, or contribute to, pro-inflammatory states. A 

recent metagenomics study revealed that the fecal microbiome of patients with IBD has, on 

average, 25% fewer microbial genes than individuals not suffering from IBD [18]. These 

findings are in agreement with other studies documenting a reduction in gut microbe 

diversity in association with IBD [98–100]. An experimental animal model of IBD has 

shown that increases in colonic injury are negatively associated with Firmicutes, 

Actinobacteria, Lactobacillales and Lactobacillus [101]. Dysbiosis has also been observed 

following spaceflight and radiation exposure in rodent models demonstrating the 

susceptibility of the microbiota to environmental factors other than the host diet [102]. These 

observations suggest that microbial dysbiosis may act as a driver and/or a consequence of 

colon disease development.

Fecal profiling experiments of CRC patients and healthy subjects have revealed numerous 

taxonomic differences in the microbiota and these findings should be useful in directing 

mechanistic studies. The 454 pyrosequencing of fecal samples from 46 CRC patients and 56 

healthy volunteers identified 48 operational taxonomic units (OTUs) associated with the 

segregation of normal and CRC samples by UniFrac analysis [103]. OTUs belonging to the 

genera Enterococcus, Escherichia/Shigella, Klebsiella, Streptococcus, and 

Peptostreptococcus were significantly more abundant in CRC patients. Conversely, OTUs 

related to the genus Roseburia and other butyrate-producing members of Lachnospiraceae 
were less abundant in CRC patients. In addition, quantitative polymerase chain reaction 

(qPCR) analysis of microbial butyrate synthesis genes confirmed lower levels of butyrate-

producing bacteria in CRC patients, supporting the identity of butyrate-producing microbes 

as contributors to intestinal health. These observations were similarly replicated in a more 

recent study that found nine OTUs represented by the butyrate-producing genera 

Faecalibacterium and Roseburia to be significantly less abundant in CRC patients versus 

healthy control subjects [104]. Another study revealed a greater presence of Fusobacterium 
nucleatum and Enterobacteriaceae in CRC patients versus healthy control subjects [105].

In addition to overall changes in the gut microbiota of CRC patients versus healthy controls, 

there is evidence demonstrating microbial differences between normal and diseased tissue 

sites within a given individual. One study characterizing the microbial structure of the 

intestinal lumen, cancerous tissue, and matched noncancerous normal tissue, revealed 

numerous differences between these sampling sites [106]. Microbial diversity was 

significantly lower in tumor tissue than noncancerous tissue, suggesting a more selective 

microenvironment exists in proximity to diseased tissue. In cancerous tissue, Lactobacillales 

was enriched, whereas Faecalibacterium was reduced. With respect to mucosa-adherent 

bacteria, Bifidobacterium, Faecalibacterium, and Blautia were reduced in CRC patients 

whereas Fusobacterium, Porphyromonas, Peptostreptococcus, and Mogibacterium were 

increased. Lastly, in the lumen, bacteria associated with metabolic disorders or metabolic 

exchange with the host, such as Erysipelotrichaceae, Prevotellaceae, and Coriobacteriaceae, 

were increased in CRC patient samples. In another study, lower abundances of 

Staphylococcus and Bacillus and higher abundances of Escherichia-Shigella and Prevotella 
were observed in mucosal samples derived from polyp biopsies compared to adjacent 

healthy tissues. Altogether, these findings suggest certain bacteria may better compete in the 
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transformed niche and that characterizing these microenvironments could reveal novel 

mechanisms by which the microbiota influence disease progression. Future studies 

attempting to define causal relationships between specific microbiota and disease processes 

would greatly benefit from more precise sampling techniques, such as laser capture 

microdissection (LCM). Application of site-specific sampling techniques in combination 

with more sensitive analytical approaches in future experiments will improve the ability to 

detect diet-induced modifications of host-microbe interactions in colon cancer models.

Metabolomics analysis of CRC patients versus healthy controls is a useful tool for 

investigating alterations in co-metabolism or metabolic exchange between host cells and the 

gut microbiota and permits identification of novel CRC metabolite biomarkers. Studies of 

the fecal metabolome have revealed alterations in SCFA, amino acid (protein), and 

unsaturated fatty acid metabolism in CRC patients [107]. Another study using serum 

samples from colorectal adenoma, CRC, or healthy control subjects, revealed pathways for 

urea, caffeine, and galactose metabolism were related to CRC progression [108]. Similar to 

microbial observations between normal and diseased tissue, metabolomics analyses have 

revealed different metabolite signatures between stool, cancers, and healthy adjacent mucosa 

[109]. In that study, metabolic pathway analysis of significantly different metabolites 

revealed aberrant SCFA metabolism, fructose, mannose, and galactose metabolism, and 

glycolytic, gluconeogenic, and pyruvate metabolism in CRC tissue of 17 CRC patients, 

versus healthy adjacent tissue. Furthermore, whereas nearly all of the metabolites detected in 

CRC tissue were found in adjacent mucosa, less than 50% of metabolites (213 out of 500 

total metabolites) detected in the stool were shared with either tissue site. These findings 

reinforce the need to consider metabolomic profiles derived from multiple adjacent sampling 

sites to enhance biomarker discovery and personalized treatment and prevention strategies.

To define a beneficial microbiota composition that is capable of suppressing CRC, it will be 

important to first understand the mechanisms by which the microbiota can predispose host 

cells to carcinogenesis. Some bacteria have been shown to directly initiate carcinogenesis 

via the production of toxins that can damage DNA [110]. For example, colibactin toxin 

produced by E. coli belonging to the B2 phylogroup causes DNA crosslinks and double 

strand breaks (DSB) that can lead to mutations [111]. Bacteroides fragilis toxin is known to 

activate Wnt and NF-κB signaling pathways, increase cell proliferation, enhance epithelial 

release of pro-inflammatory molecules, and induce DNA damage in vitro [112–114]. More 

recently, the gene encoding Bacteroides fragilis toxin was found to be more abundant in 

tumor mucosa samples than control biopsies, especially in late-stage CRC, suggesting that 

the bacteria capable of synthesizing the toxin play a persistent role in promoting tumor 

growth through sustained activation of tumor-promoting pathways [115]. The Salmonella 
protein AvrA has recently been shown to activate the STAT3 pathway in a CAC mouse 

model (AOM plus dextran sulfate sodium, DSS) [116]. The role of the STAT3 pathway and 

signaling in colon cancer has been well established [117–120]. Indirect effects of specific 

bacteria on carcinogenesis have been characterized that are largely dependent on the 

immune system for manifestation. In addition to inducing DNA modifications, the E. coli 
strain that produces colibactin has recently been shown to encourage pro-tumoral activities 

of tumor-associated macrophages by infecting and persisting within the immune cells. As a 

result, these bacteria induce sustained cyclooxygenase-2 (COX-2) expression by 

Seidel et al. Page 7

Semin Cancer Biol. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



macrophages, which is a hallmark of the inflammation associated with colon cancer [121]. A 

recently proposed mechanism for bacterial-induced chromosomal instability (CIN) was 

reported by Wang and Huycke [122] in which macrophage polarization to an M1 phenotype 

by commensal bacteria leads to a trans-4-hydroxy-2-nonenol (4-HNE) mediated bystander 

effect in colon epithelial cells. The 4-HNE released by M1 macrophages in response to 

commensal invasion during periods of intestinal barrier dysfunction causes mutations, DSB, 

and spindle dysfunction leading to CIN in epithelial cells. Taken together, these experiments 

demonstrate the potential of direct and indirect mechanisms of gut microbiota for initiating 

and promoting colon carcinogenesis.

3. Dietary mediators of colon tumorigenesis

3.1 Overview

A recent review points to the importance of many different diet-derived biologically active 

compounds in the inhibition of carcinogenesis [7]. Dietary compounds may reach the colon 

because they are: 1) too large to be absorbed in the small intestine, 2) bioavailable 

compounds that escape deglycosylation and absorption in the small intestine, or 3) aren’t 

accessible to the host due to their intercalation in the food matrix [39]. Those compounds 

absorbed in the small intestine, conjugated by the liver, and returned to the intestine via 

enterohepatic circulation also may reach the large intestine [39]. Additionally, there is 

research to suggest that processing bioactive-containing foodstuffs can affect the 

bioaccessibility of bioactives, which may result in some molecules reaching the colon that 

otherwise might have been absorbed in the small intestine [123, 124].

Dietary bioactives have the potential to directly modify and/or mitigate tumorigenic 

processes via multiple pathways. These pathways may be microbe-independent (i.e., direct), 

microbe-dependent (i.e., indirect), or both. The microbe-independent pathway represents a 

direct action of bioactive compounds on the intestinal epithelium that may be additive, 

synergistic, or antagonistic. Microbe-dependent pathways include diet-induced 

modifications in the substrates reaching the colon that alter the total number and/or 

population characteristics of the colonic microbiota, or changes in the production of 

microbial metabolites [125]. Some dietary components exert bactericidal functions and are, 

therefore, direct modifiers of the gut microbiota [126–128]. Similar to the observed 

differences in physiology and cancer phenotype/genotype between the proximal and distal 

colon mentioned previously, the composition of the microbiota is also known to differ 

spatially along the colorectal axis and between mucosal and luminal sites [17, 129, 130]. 

The observed differences between lumen- and mucosa-associated microbial communities 

likely reflect the nature of the host-microbe interaction for these sub-populations and 

importantly, the availability of their preferred substrates.

The most often ascribed function of dietary bioactives, particularly for polyphenolics, is 

their antioxidant capacity, and studies have estimated that 90–95% of dietary polyphenols 

escape absorption in the small intestine due to their size [131]. The gut microbiota are 

capable of a variety of metabolic reactions that affect the structure and functional groupings 

of bioactives including ring-C cleavage, dihydroxylation, decarboxylation, and 

demethylation [39]. Indeed, there is substantial evidence that much of the biological 
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response to dietary bioactives is due to microbial derivatives rather than the native 

compounds [132–135]. A large consortium of authors reviewing the potential of bioactive 

compounds in cancer inhibition stressed the importance of exposure to these molecules 

during the early stages of cell transformation [7]. They noted their efficacy is greatest during 

this time when most of the cellular changes are likely to be epigenetic in nature.

3.2 Fiber and prebiotics

Nondigestible carbohydrates (i.e., dietary fiber) pass through the small intestine into the 

cecum and large intestine where they undergo metabolism by the colonic microbiota [136]. 

Many bacteria preferentially metabolize carbohydrates over other energy sources such as 

protein [137]. Predominantly saccharolytic fermentation occurs in the cecum and proximal 

colon of humans and rodents, where most SCFA production takes place [138–140]. The 

metabolic fate of fiber depends largely on the solubility/fermentability of the fiber itself and 

the microbiota present in the colon during digestion [141]. Readily fermentable fibers such 

as oat bran, pectin, and guar are easily fermented by the microbiota to produce methane, 

carbon dioxide, and SCFA, whereas cellulose and wheat bran are poorly fermented [141, 

142]. Acetate, propionate, and butyrate are the most abundant SCFA in the colon, and 

concentrations typically decrease from the proximal to the distal colon [17, 79]. Benefits of 

consuming both readily fermentable and poorly fermentable fibers have been established, 

with the latter being due to its hydrophilic bulking activity, which serves to dilute 

carcinogens, pro-carcinogens, and other potential tumor promoters in the intestinal lumen 

[143]. Furthermore, stool-bulking agents have also been shown to increase the rate of digesta 

passage through the intestine, which can both minimize exposure to toxic compounds in the 

lumen and increase the levels of butyrate in the distal colon [144]. In rats exposed to AOM, 

consumption of a wheat bran diet significantly lowered tumor incidence compared to 

animals consuming an oat bran diet [145]. In addition, consumption of the wheat bran diet 

was associated with lower body weight, more normalized ratios of SCFA in the intestinal 

lumen, and increased fecal mass and bulk, which suggests increased bulking ability and 

dilution potential of wheat bran versus the more readily fermentable oat bran diet.

If dietary fiber and resistant carbohydrates are limiting, the gut microbiota in the distal colon 

will need to rely on proteolytic fermentation to meet their energy needs [137]. Proteolytic 

fermentation results in SCFA, along with a number of putatively toxic metabolites such as 

ammonia and sulphur-containing compounds [137]. Dietary protein levels also may 

influence butyrate utilization as a high protein diet has been found to decrease expression of 

the proton coupled monocarboxylate transporter 1 (MCT1, a butyrate transporter) in the 

colon of piglets [146]. In contrast, Liu et al., found no effect of dietary protein on MCT1 

expression or luminal butyrate levels in rats [147].

Butyrate is a four carbon SCFA and the preferred energy substrate of colonocytes [148]. In 

healthy humans, absolute concentrations of butyrate range from 11 to 25 mM in the feces 

[140]. Bacteria synthesize butyrate from butyryl-coenzyme A (CoA) derived from acetyl-

CoA using one of two enzymes, butyrate kinase or butyryl-CoA:acetate-CoA transferase 

[149]. Butyrate is absorbed by colonocytes via passive diffusion and by active transport with 

various ion exchange transporters, such as the sodium-coupled monocarboxylate transporter 
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1 (Slc5a8) and MCT1 (also known as Slc16a1) [140]. Butyrate has been intensively studied 

for its ability to inhibit inflammation and carcinogenesis, reduce oxidative stress, and 

promote colonic barrier function [140]. Butyrate has also been shown to affect gene 

expression via epigenetic modification of chromatin. In cancer cells exhibiting the Warburg 

effect, butyrate accumulates in the cell and inhibits histone deacetylase (HDAC) activity and 

stimulates histone acetyltransferase (HAT) activity by acting as an acetyl-CoA donor, 

thereby regulating genes that enhance apoptosis and reduce cell proliferation [148, 150]. Our 

lab has demonstrated increased Bcl-2 promoter methylation and levels of apoptosis in rats 

consuming a fish oil and pectin diet versus animals consuming a diet containing corn oil and 

cellulose [72]. Additional in vitro experiments demonstrate butyrate’s ability to reduce 

global and Bcl-2-like protein 11 (BCL2L11) promoter methylation in HCT-116 colon cancer 

cells [76]. These data support the identity of butyrate as a modifier of the epigenome and 

promoter of apoptosis in colon cancer cells. Colonic mucosa from slc5a8−/− knockout mice 

exhibits dramatically increased expression of inducible nitric oxide synthase (iNOS), a 

marker of inflammation, in addition to genes of the interferon gamma (IFN-γ) and TGF-β 
signaling pathways compared to wild-type mice [151]. Indeed, Slc5a8 plays a critical role in 

the ability of butyrate to suppress colon inflammation and cancer [152–154]. Additionally, 

butyrate was shown to suppress colonic inflammation by two mechanisms: 1) inhibition of 

STAT1 phosphorylation by IFN-γ in colonic epithelial cells leading to a reduction in iNOS 

expression, and 2) inhibition of Fas promoter-bound HDAC1 leading to increased T cell 

expression of Fas and, thus, enhanced sensitivity to apoptosis of activated T cells thereby 

reducing T cell production of IFN-γ [151]. Butyrate has also been shown to induce 

apoptosis via a non-mitochondrial, Fas-mediated, extrinsic pathway in colonocytes [155, 

156].

Research has also demonstrated the ability of SCFA to affect immune function. Kim et al. 

recently demonstrated that SCFA impact the metabolism of B lymphocytes by increasing 

acetyl-CoA levels, oxidative phosphorylation, glycolysis, and fatty acid synthesis, and that 

these changes in metabolism support the production of antibodies necessary for preventing 

infection by pathogens [157]. SCFA were also found to regulate gene expression programs 

needed for plasma B cell differentiation. Importantly, dietary fiber and SCFA both increased 

intestinal (Immunoglobulin A, IgA) and systemic (IgA and IgG) antibody levels supporting 

the notion that the gut microbiota, by way of metabolism of dietary fiber, promotes systemic 

immunity. The gut microbiota and its metabolites (SCFA, particularly butyrate) have also 

been shown to affect the differentiation of naïve T cells in the gut epithelium [158]. The 

mechanisms responsible for the differentiation of naïve T cells into Treg cells include direct 

actions of butyrate on naïve T cells (i.e., histone H3 acetylation at the Foxp3 locus and 

Gpr109a activation) and indirect actions via changes in epithelial cell cytokine production 

(e.g., TGF-β).

Taken together, these observations support a pleiotropic role of butyrate on the colon 

epithelium as a modulator of inflammation and colonocyte physiology. Interestingly, there is 

some evidence that butyrate may promote colon tumorigenesis [159–161] or that some 

dietary interventions reduced colon carcinogenesis in a manner not related to fecal butyrate 

levels [145]. These findings suggest that microbial metabolites such as short chain fatty 

acids contribute to colon cancer risk in a complex, context-dependent manner. Additional 
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work needs to be conducted to better understand how gut microbial metabolites impact gut 

health. Specifically, understanding how other dietary components may interact with 

microbial metabolite production and their effects on host tissue should be explored if we are 

to identify dietary patterns capable of suppressing colon carcinogenesis.

3.3 Lipids

The n-3 polyunsaturated fatty acids (PUFAs), eicosapentaenoic (EPA; 20:5n-3) and 

docosahexaenoic acid (DHA; 22:6n-3) have been extensively studied for their bioactive and 

chemoprotective properties in the colon, which include immunomodulatory functions, 

regulation of apoptosis, and epigenome modification [70, 76, 162–171]. For example, rats 

consuming fish oil and exposed to AOM have significantly fewer O6-methylguanine DNA 

adducts during the initiation period (6–12 hours post-injection) than corn oil fed rats [169]. 

In another study, rats exposed to AOM and consuming dietary fish oil had a lower 

adenocarcinoma incidence and increased levels of apoptosis and cellular differentiation 

compared to corn oil rats [172]. Recent work has demonstrated that n-3 PUFA in 

combination with dietary fibers that result in high colon butyrate concentrations (e.g., 

pectin), or with direct butyrate administration, beneficially alters whole genome and gene-

specific DNA methylation and histone acetylation. As mentioned previously our lab has 

demonstrated in vivo that dietary fish oil plus pectin increases bcl-2 promoter methylation 

and apoptosis in carcinogen-induced colon tumors, compared to animals consuming corn oil 

plus cellulose [72]. Further investigation using HCT-116 colon cancer cells has 

demonstrated DHA and butyrate enhance apoptosis induction in part by demethylation of 

proapoptotic gene promoters [76]. In addition to the effects of n-3 PUFA and butyrate on the 

epigenetic state of cells, it has been demonstrated that DHA in combination with butyrate 

enhances mitochondrial lipid oxidation and reduces mitochondrial membrane potential, 

which contributes to the induction of apoptosis [70]. Thus, n-3 PUFA and butyrate appear to 

protect against colon carcinogenesis by sensitizing cells to apoptosis through epigenetic-

dependent and independent mechanisms. More recent work has demonstrated that fish oil is 

especially effective in inducing apoptosis in colon adult stem cells exhibiting DNA damage 

[173]. Although the clinical relevance of these cogent preclinical data remains to be 

determined, a large landmark cohort study (n = 96,354) of Seventh Day Adventists recently 

demonstrated that the risk of CRC was reduced by 22% among all vegetarians combined 

compared to non-vegetarians, but protection was greatest among pescovegetarians who 

consume high amounts of both fiber and n-3 PUFA-containing fish [174].

3.4 Phenolic bioactives and other small bioactive compounds

Most fruits and vegetables contain bioactive compounds. The phytochemical profile can 

vary between different varieties of the same food and can be influenced by how the foods are 

processed [175–177]. The concentration of phytochemicals also varies throughout the fruit 

(e.g. seed, peel, pulp) and is typically highest in the fruit peel where the compounds function 

as antioxidants to prevent damage from ultraviolet radiation [178, 179]. Many 

phytochemicals are known to have anti-microbial and anti-inflammatory properties [180–

182]. The mechanisms by which the compounds exert these effects in vivo and to what 

extent they are absorbed and metabolized by the host and gut microbiota remains to be fully 

characterized. For example, polyphenols are a structural class of phytochemicals with 
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multiple phenolic units found naturally in fruits, vegetables, and whole grains [183–186]. 

Numerous studies have revealed chemoprotective effects of polyphenolic compounds in vivo 
and in vitro [187–190]. Additionally, there is evidence that polyphenols may exert their 

chemoprotective effects through epigenetic mechanisms [191–193]. The bioavailability of 

polyphenols varies depending on the individual compound; however, it has been shown that 

human colonic bacteria can metabolize polyphenols into lower-molecular-weight bioactive 

compounds, which may be more bioavailable to the host [133, 190, 194, 195]. Further, 

consumption of dietary polyphenols is known to alter the composition of the gut microbiota, 

which can affect host health [196–198]. Understanding how foods containing dietary 

polyphenols can shape the microbiota composition and metabolism will be important for 

defining bioactive profiles. Likewise, characterizing the metabolites generated from 

microbial metabolism of polyphenols, and their presence in the intestinal lumen and 

systemic circulation will be important for future studies seeking to elucidate biomolecular 

mechanisms.

Because a whole food (e.g., fruit or vegetable) and combinations of foods contain a mixture 

of bioactive compounds in combination with the micro and macronutrients of the food, it 

will be important to characterize how compounds synergize in vivo. For example, combining 

the dietary polyphenol curcumin with fish oil, rich in n-3 polyunsaturated fatty acids, was 

recently shown to reduce nuclear β-catenin in aberrant crypt foci in mice exposed to AOM 

[62]. Furthermore, this combination of dietary bioactives was shown to synergistically 

increase targeted apoptosis in Lgr5+ stem cells. Mechanisms associated with the anti-cancer 

effects of n-3 PUFA and curcumin involve regulation of apoptotic proteins (e.g., bcl-2) and 

priming or activation of the intrinsic mitochondrial-dependent apoptosis pathway [73, 167, 

168, 199]. Within a whole food, such as prunes (dried plums), there are a variety of bioactive 

compounds including phenolic acids (e.g., quercetin, chlorogenic acid, and neochlorogenic 

acid), sugar alcohols (e.g., sorbitol and mannitol), and hydroxycinnamic acids (e.g., 

sinapinic acid), as well as a mixture of soluble and insoluble fiber [200, 201]. Prune 

consumption is commonly associated with a reduction in constipation and improved 

intestinal motility [200]. These effects can be attributed in part to the dietary fiber found in 

prunes; however, they are also noted when consuming prune juice, which lacks the insoluble 

fiber found in the whole fruit. Hence, not all of the bioactive properties ascribed to prune 

consumption are due to its fiber content. Our lab has shown that quercetin and chlorogenic 

acid influence fecal SCFA concentrations, suggesting alterations in the gut microbiota or in 

the absorption of SCFA by the host [202]. Furthermore, our lab has demonstrated the ability 

of quercetin to reduce the numbers of high multiplicity aberrant crypt foci (HMACF), which 

are thought to be most indicative of eventual tumor formation [203, 204]. A reduction in 

proliferation and an increase in apoptosis were also observed in rats fed quercetin, and these 

effects are thought to be related to observed reductions in pro-inflammatory mediators, 

cyclooxygenase 1 and 2 (COX-1 and COX-2) [204], as well as through impacts on other 

signaling pathways including NF-κB, PI3K/Akt/mTOR, and JNK/JUN [204–207]. 

Quercetin has also been shown to reduce the incidence, multiplicity, and size of colorectal 

tumors in male F344 rats treated with AOM, compared to control diet animals [208]. 

Sorbitol is a sugar alcohol found in high concentrations in dried plums and contributes to the 

laxative effect associated with prune consumption [209]. Sorbitol has been shown to induce 
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apoptosis in HCT-116 cancer cells via activation of the p38 mitogen-activated protein kinase 

(MAPK) pathway, which activates the mitochondrial death cascade [210]. Additionally, in 

rats consuming a dried plum powder, analysis of the microbial metagenome revealed a 

reduction in the relative abundance of microbial genes responsible for the synthesis of 

secondary bile acids, which are known to induce DNA damage and promote colon cancer 

[211–213]. Recent evidence documents the critical nature of farnesoid X receptor mediated 

bile acid metabolism to colon inflammation and carcinogenesis [214].

Another major source of dietary phytochemicals is whole grains [184, 215]. For example, 

sorghum is an ancient grain predominantly grown in dry, arid zones. Sorghum varieties 

contain different levels and types of phenolic and polyphenolic compounds [184]. Sumac 

sorghum contains high levels of condensed tannins (i.e., polymerized flavonols), which 

contribute to its high phenolic content and oxygen radical absorbance capacity [184]. 

Indeed, sumac sorghum has been characterized as having greater antioxidant capacity than 

many other grains, blueberries, and pomegranates [216, 217]. Decortication of the sorghum 

grain to produce sorghum bran increases the concentration (3–6 times higher than the whole 

grain) of the phenolic compounds [217]. Our lab has previously shown that polyphenol-rich 

sorghum brans alter the microbial composition and beneficially affect microbial diversity 

and richness in a rat model of colitis [101]. In addition, we have shown that less soluble 

fibers with lower fermentability, such as sorghum bran and cellulose, are more protective 

against colonic injury during bouts of colitis than highly fermentable fibers, such as pectin 

[218]. Although these findings are in contrast to the previously discussed protective effects 

of soluble fibers during carcinogenesis, it is evident that fibers of varying fermentability/

solubility exert their effects on the colonic mucosa in a disease-dependent context that 

includes dysbiosis. Further, our lab has demonstrated that diets containing sumac bran alter 

fecal SCFA levels, suggesting these polyphenol-rich fiber sources may alter microbial 

metabolism or host SCFA absorption [219].

As previously mentioned, it will be important to characterize the mechanisms by which 

dietary bioactives exert their chemoprotective activities in order to better understand how 

specific phytochemicals can prevent or inhibit specific diseases. This includes identifying 

and characterizing receptors for native phytochemicals and their microbial metabolites. For 

example, the aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that 

is widely expressed in various cell types [220]. Several studies have demonstrated the 

important role of AhR and ligands for this receptor in mediating gastrointestinal function 

[221–223]. For example, there are reports showing that aromatic hydrocarbons such as 

2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD; an AhR agonist) decrease inflammation 

associated with Crohn’s disease and other AhR agonists protect against IBD [222]. It has 

also been reported that AhR silencing or lack of AhR ligands compromises the maintenance 

of intraepithelial lymphocytes in the skin and intestine [224].

AhR also binds other ligands unrelated to TCDD, including dietary botanical-derived 

compounds such as flavonoids, indole-3-carbinol (I3C) and diindolylmethane (DIM), and 

several tryptophan metabolites including formylindolo-[3,2-b]-carbazole (FICZ) [225–227]. 

Dietary tryptophan can be metabolized by the gut microbiota into indole-3-acetate, indole-3-

aldehyde, indole, and tryptamine, which are selective AhR modulators [134]. We recently 
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demonstrated that four compounds produced from tryptophan by the intestinal microbiota – 

indole, indole-3-acetate, indole-3-aldehyde, and tryptamine – are ligands for the AhR [228]. 

Consistent with our findings, Zelante et al. recently reported that indole-3-aldehyde is also a 

microbiota-derived AhR ligand that contributes to a microbiota-AhR signaling axis in the 

intestine [229]. Thus, AhR agonists/antagonists produced by the intestinal microbiota may 

have a profound effect on gastrointestinal biology. In support of this rationale, it has been 

demonstrated that APCMin/+ mice that develop intestinal tumors are remarkably impacted by 

AhR. The loss of AhR by crossing APCMin/+ with AhR−/− mice enhances intestinal tumor 

formation and treatment of APCMin/+ mice with AhR ligands [e.g., cruciferous vegetable-

derived I3C and DIM] inhibits tumor formation [221]. Similar results indicating that AhR is 

a repressor of inflammation-associated colon cancer have also been recently described [230]. 

Collectively, these findings clearly demonstrate that the AhR and its dietary and microbial-

derived ligands have a profound impact on gastrointestinal homeostasis and tumorigenesis.

3.5 Probiotics and synbiotics

The potential role of probiotics, “live microorganisms which, when administered in adequate 

amounts, confer a health benefit on the host” [231], in CRC and CRC prevention has been 

reviewed across decades of scientific research. Early reports emphasized an indirect role for 

probiotics in colon cancer prevention and treatment of cancer therapy-induced diarrhea with 

a number of publications reporting either beneficial [232, 233] or detrimental [234] effects. 

On the role of probiotics in cancer prevention, studies showed that selected strains of the 

Lactic Acid Bacteria (LAB) group were capable of binding to mutagenic amines generated 

by cooking a protein-rich food [235], degrade nitrosamines [236], reduce specific activities 

of bacterial β-glucuronidases, nitroreductases and azoreductases (enzymes potentially 

involved in transforming pro-carcinogens into active carcinogens [237]), and inhibit 2-

amino-3-methylimidazol[4,5-f]quinoline (IQ)-induced incidence of colon tumors in rats 

experiments [238]. Hence, there is a general agreement that individual probiotic strains can 

beneficially affect metabolic activities that occur in the gastrointestinal tract and enhance the 

host’s immune response. Newer research has implicated a more complex role for probiotics 

in CRC considering novel evidence showing that composition of the gut microbiome could 

influence, for example, effectiveness of cancer immunotherapies [239]. In fact, in a recent 

study, direct administration of Bifidobacterium to mice with established tumors from either 

Jackson Laboratory or Taconic Farms showed improved tumor-specific immunity and 

response to alpha programmed death-ligand 1 (αPD-L1) monoclonal antibody therapy only 

in Taconic Farms mice [240], clearly providing enlightenment to the responders versus non-

responders conundrum often reported in prebiotic, probiotic and synbiotic interventional 

studies.

A beneficial effect of probiotics is clearly associated with particular bacterial taxa, and more 

precisely, bacterial strains. For example, species of Bifidobacterium and Lactobacillus, 

specifically B. lactis [241], B. longum [242–245], L. acidophilus [243, 246], L. casei [243, 

247], and L. rhamnosus [246, 248] prevented or reduced the number of ACFs in animal 

models, while Enterococcus [249] and Lactococcus [250] were mostly ineffective. However, 

although Enterococcus faecium CRL 183 indeed failed to inhibit the formation of ACF in 

1,2-dimethylhydrazine (DMH)-induced rats [249], strains of Enterococcus durans were 
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capable of producing butyrate [251], an anti-proliferative and counter carcinogenic 

metabolite [252].

Comprehensive mechanistic studies of probiotics’ beneficial effects on tumor suppression 

and tumor progression are limited (reviewed in Azcarate-Peril et al. [253]). A tumor-

suppressive molecule has been identified from culture supernatants of Lactobacillus gasseri 
ATCC334, a well-characterized probiotic [254]. The molecule ferrichrome (a hydrophilic 

metal chelating agent or siderophore generated by ATCC334) exhibited its tumor-

suppressive effect through the induction of apoptosis in colon cancer cells via activation of 

the c-jun N-terminal kinase (JNK) pathway [255]. Another bacterial metabolite produced by 

specific strains of LAB is conjugated linoleic acid (CLA), capable of inhibiting cell 

proliferation through a tumor suppressor p-53 dependent mechanism in breast and colon 

cancer cells [256]. CLA generated by Pediococcus pentosaceus GS4 restricted proliferation 

of human colon cancer cells, which triggered apoptosis during biohydrogenation of free 

linoleic acid. Moreover, administration of GS4 to a mouse model of colon cancer resulted in 

enhancement of the gut microbiota biohydrogenation capability and subsequent stimulation 

of colonocyte apoptosis [257].

Microbiome studies are providing a better understanding of diet-microbiota and microbe-

microbe interactions in the gastrointestinal tract although even more large-scale studies are 

needed to evaluate the efficacy of probiotic interventions to prevent or treat CRC. 

Undoubtedly the enormous amount of data generated by microbiome association studies will 

lead to the identification of benefits provided by novel strains, and possibly to a new 

definition of probiotics. Not only do we know now that bacteria not currently acknowledged 

as probiotics provide benefits to their host, like Bacteroides fragilis and Clostridium clusters 

IV and XIVa, which protect mice against trinitrobenzene sulfonic acid (TNBS)- or DSS-

induced colitis [258, 259], but also studies have demonstrated microbial interactive networks 

that condition the host’s responses to interventions.

4. Novel/emerging ‘omics’ techniques and other approaches to address 

identified knowledge gaps

Early investigations to characterize and profile the microbiome utilized culture methods and 

microscopy, but these efforts were limited by cultivability, nonspecific substrate utilization, 

and the inability to distinguish morphologically similar bacteria from one another [260]. 

Early next-generation-sequencing techniques enabled the classification of bacteria from a 

sample at the taxonomic level by sequencing variable regions of the 16S ribosomal RNA 

(rRNA) gene. Taxonomic microbial profiling from 16S rRNA sequencing yields relative 

abundances of bacteria classified into OTUs, based on sequence similarity of sample reads to 

known bacterial sequences [261]. These data can be used to estimate diversity within and 

between samples based on the number of species in a sample (richness) and their relative 

abundance (evenness) [262]. Taxonomic marker gene survey data (e.g., 16S rRNA) can also 

be used to predict the metagenome of a sample, thus, providing some insight into the 

functional gene content of the microbiota present [263]. High-throughput, next-generation 

metagenome sequencing removes the need for prediction but is computationally intensive 
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and yields much larger data sets requiring more data storage. In metagenome sequencing 

analysis, sequences are aligned to a gene catalog and the functional potential assessed by 

mapping genes to a KEGG database or through gene ontology (GO) enrichment analysis 

[264, 265].

The ultimate goal for microbial community profiling is to accurately assess which microbes 

are present in a sample and their collective genomes (metagenomics), which gene programs 

and protein networks are active at a given moment in time (metatranscriptomics and 

metaproteomics, respectively), and the metabolites present (metabolomics). Metabolomics 

enables the relative assessment of thousands of metabolites including microbe-, diet-, and 

host-derived molecules and represents an instantaneous manifestation of the combined 

cellular processes taking place in the sample. A recent study employing systematic 

comparison of metagenomic and metatranscriptomics data from healthy human subjects 

demonstrated that 41% of microbial gene transcripts were not differentially regulated 

relative to their genomic abundance and that the microbial transcriptome profile was 

significantly more individualized than the metagenome profile [266]. Therefore, 

understanding how changes in the microbial transcriptome relate to their abundance in the 

metagenome and how diet impacts this relationship will be important. Furthermore, there is 

a clear necessity to go beyond metagenomics and metatranscriptomics towards a complete 

‘systems biology’ approach that includes the metabolome. Integrated omics approaches will 

be necessary to elucidate the complex network of interactions between the diet, microbiota, 

and host. This will enable identification of specific genes and microorganisms involved in 

metabolism and conversion of dietary bioactives. This information can then be used to 

construct intra- and inter-organismal metabolic pathways that will provide a framework for 

monitoring the microbiome response to specific bioactive exposures. For example, research 

conducted by Sridharan et al. used in silico microbial metabolism reaction networks coupled 

with two independent mass spectrometry metabolomics analyses to identify and characterize 

microbial metabolites which were then used in vitro to determine mechanisms of action 

[267]. ‘Omics’ data from the host can also be employed to predict and monitor the host 

response to the microbiome and its regulation thereof, particularly in individualized clinical 

settings where host genetics is already a primary consideration.

The appropriateness of targeted versus untargeted ‘omics’ approaches is debated but 

ultimately depends on the question being asked. For example, although untargeted 

metabolomics by multiplatform mass spectrometry permits relative quantification of a 

greater number of metabolites, it inherently leads to more noise and artifacts than a targeted 

metabolite assay coupled with appropriate standards [268]. For the discovery of novel 

disease biomarkers and construction of metabolic pathways, untargeted metabolomic 

approaches appear to be the most suitable due to the wealth of information gathered. 

Conversely, for hypothesis-driven experiments, targeted metabolite assays afford greater 

sensitivity and robustness. In addition, as evidenced by significant differences in 

metabolome and microbiome profiles collected from adjacent sampling sites (e.g., lumen 

versus mucosa or diseased versus normal adjacent tissue), targeted sampling procedures 

should be utilized for untargeted ‘omics’ analyses thereby improving the confidence of the 

interpretation and explanation of the data generated.
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Despite the overall reduction in colon cancer incidence, the increase in distal cancer 

incidence in individuals younger than the recommended initial screening age (50 years old) 

supports the need for earlier screening [269]. Earlier colon screening coupled with fecal 

microbial profiling to identify cancer-associated microbes would enhance colon cancer 

prevention. It is estimated that the transition from precancerous cell to malignant colorectal 

tumor takes ~10–15 years implicating a substantial window for pre-cancer screening and 

implementation of prevention techniques [270]. As critical bioinformatics approaches 

become available for the integration of multi-omics analyses and as the required sample 

input continues to decrease it will be extremely beneficial to adopt more precise sampling 

procedures for characterizing the microbiota and interactions within a given 

microenvironment. The resolution afforded by passive fecal collection is useful as a clinical 

diagnostic test for cancer associated microbes; however, patients already diagnosed with 

colon cancer or found to have polyps following colonoscopy could benefit from more 

precise diagnostic protocols. Similar to the procedures used for genotyping a tumor biopsy 

to inform targeted therapeutic strategies, targeted tumor- or polyp-associated microbial 

profiling could reveal additional host-microbe signaling networks that can be targeted for 

therapy. Distinguishing between host- and microbial-derived growth signals could help 

explain the discrepancy in treatment responses of CRC patients. Although challenging, 

identifying critical microbial and metabolic biomarkers should improve screening and early 

disease detection [160]. Understanding these interactions will also aid in prevention because 

dietary bioactives that select against specific bacteria (versus broad-spectrum antibiotics) or 

that can inhibit signaling pathways downstream of microbial activities will improve the 

usefulness of diagnostic information gathered from fecal microbiome profiling.

Nutrigenomics and nutrigenetics are ‘multi-omics’ manifestations aimed at understanding 

nutrient-gene interactions. Indeed, diet can function at multiple levels to regulate the flow of 

genetic information [271–274]. These sciences and the knowledge acquired from them will 

be necessary for the development of personalized nutrition and disease prevention/treatment 

strategies, many of which are already used to some degree for the treatment of diet-related 

diseases, such as inflammatory bowel disease, obesity, diabetes, and cancer [275]. 

Understanding how and to what extent specific nutrients affect the expression of microbial 

genes adds an additional layer of complexity due to the considerable microbial variation 

between individuals and the ostensibly infinite number of combinations between host and 

microbial genomes. Presumably, however, better health outcomes from nutritional 

interventions would be achieved by taking into consideration an individual’s inherited and 

acquired genetic characteristics, age, dietary and lifestyle preferences, and gut microbiome 

profile.

5. Conclusions

Our understanding of the capacity of the gut microbiota to affect host physiology continues 

to increase and reinforces the necessity to study modifiers of the gut microbiome. It is 

irrefutable that the gut microbiota plays a critical role in regulating the intestinal epithelium 

and that the consequences of alterations in the gut microbiome can extend beyond the 

intestines. The concept that the gut microbiota can impact the development and activity of 

the host immune system, that the host immune system is a governor of the gut microbiota, 
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and that microbial profiles are far more individualized than originally perceived, underscores 

the necessity to understand how individual genetic polymorphisms can ‘personalize’ the gut 

microbiota and, consequently, the ability of diet to influence these processes. The fact that 

the diet can shape the composition and function of the gut microbiota and that the 

microbiota can influence the health of the host beyond the intestinal epithelium implies a 

third mechanism by which diet can promote intestinal health; physiological changes in 

response to microbially-derived metabolites or ligands in other tissue sites (e.g., liver, 

muscle, etc.) may provide feedback to the intestinal epithelium that affect colon cancer risk 

and the risk of other associated diseases. Recent evidence suggesting a role of the gut 

microbiota in modulating host satiety and brain function (i.e., gut-brain axis) is remarkably 

fascinating and further emphasizes the need for understanding the capacity for diet to shape 

gut microbiota function and metabolism [278–282].

Despite the increasing acceptance of this paradigm, causative roles for specific bacteria are 

only suggested by current research. To effectively define the direct contribution of specific 

bacterium (or bacteria) to colon health/disease will require tightly controlled animal studies 

utilizing well-characterized dietary, environmental and disease conditions. Data produced by 

these studies may be more generalizable to human populations. Although fecal bacteria 

profiling has not yet been employed as a clinical tool for CRC diagnosis, research into this 

area of noninvasive diagnosis shows promise [276]. Similarly, despite changes in the 

microbiota being associated with disease, there are no clear bacterial biomarkers of 

colorectal cancer; however, elucidation of microbial pathways involved in the synthesis or 

detoxification of genotoxic agents (e.g., colonic sulfur metabolism, secondary bile acid 

production, etc.) will enable identification of novel compounds and biomarkers for this 

purpose. Although the sale and use of probiotics continues to increase, it is important to 

reinforce the concept that the mode of action cannot be generalized to all strains and will 

depend on other factors such as prebiotic use and current microbiota composition and health 

status [277]. With respect to colon health, the gut microbiota influences cellular processes 

by internal and external mechanisms, which include receptor binding and signal 

transduction/inhibition, modulation of gene and protein expression, epigenetic 

modifications, changes in metabolism, and cell differentiation/fate. Furthermore, dietary 

phytochemicals that affect the composition and metabolism of the microbiota can synergize 

with their direct effects, or those of other bioactives, to enhance or alter their bioactivity 

(Fig. 1). Importantly, for compounds with unknown mechanisms but observed phenotypic 

responses, it is entirely possible that the function is completely microbial-dependent and the 

efficacy, therefore, contingent on the presence of the microbe(s) and their metabolic 

response to the dietary stimulus. Studies employing germ-free animals and animals with 

discrete microbial populations, in addition to traditional cell culture and co-culture 

experimentation, will be necessary to dissect the mechanisms and co-dependencies of 

specific diet-host-microbe interactions. The correlation, or often lack of correlation, between 

data from stool versus healthy or diseased tissue samples adds enormous complexity to the 

microbe-host relationship. Therefore, to improve our understanding of these relationships, 

“omics” studies should be used to interrogate concomitant changes in the diseased mucosa 

and the stool in order to maximize the information gathered from passive fecal sampling. 

Experiments should use multiple “omics” approaches to identify those biomarkers that most 
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accurately and robustly characterize the disease state. Furthermore, it will be necessary to 

assess these relationships throughout the disease process in order to improve the sensitivity 

and specificity of diagnostic screening approaches for CRC prevention and treatment.
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Fig 1. Graphical depiction of the diet-host-microbe interaction
This overview figure represents example mechanisms whereby diet-microbe-host 

interactions are associated with colon carcinogenesis. In addition to direct effects of diet on 

host health and metabolism, diet can be a modifier of the gut microbiome (e.g., its 

composition and functional attributes). Gut microbiota are capable of furtherer metabolizing 

dietary bioactives to generate secondary bioactive compounds, which can affect host 

physiology. Exchange of metabolites between different microbes in the gut is possible and 

adds complexity to the diet-microbe-host interaction network. Native dietary bioactives and 

microbially-derived metabolites can act on epithelial cells in the colon by extrinsic and 
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intrinsic mechanisms. Dietary bioactives and their derivatives can act as ligands for receptors 

or alter receptor function, serve as metabolic fuel for cells, function as modifiers of the 

epigenome, etc. These compounds can also influence immune function and host health 

beyond the epithelium. Our understanding of the capacity of diet to direct a functionally 

beneficial gut microbiome for both localized (i.e., colon) and systemic health will continue 

to increase with improved ‘omics’ techniques and advances in ‘omics’ data integration.
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