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Abstract

An expanding body of evidence supports a role for gut microbes in the etiology of cancer.
Previously, the focus was on identifying individual bacterial species that directly initiate or
promote gastrointestinal malignancies; however, the capacity of gut microbes to influence
systemic inflammation and other downstream pathways suggests that the gut microbial community
may also affect risk of cancer in tissues outside of the gastrointestinal tract. Functional
contributions of the gut microbiota that may influence cancer susceptibility in the broad sense
include (1) harvesting otherwise inaccessible nutrients and/or sources of energy from the diet (i.e.,
fermentation of dietary fibers and resistant starch); (2) metabolism of xenobiotics, both potentially
beneficial or detrimental (i.e., dietary constituents, drugs, carcinogens, etc.); (3) renewal of gut
epithelial cells and maintenance of mucosal integrity; and (4) affecting immune system
development and activity. Understanding the complex and dynamic interplay between the gut
microbiome, host immune system, and dietary exposures may help elucidate mechanisms for
carcinogenesis and guide future cancer prevention and treatment strategies.
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1 Introduction

Representing a vast ecosystem, the indigenous bacteria in the human gut have various
physiological effects and carry out multiple metabolic functions that can influence the health
of the host. Bacteria are hypothesized to benefit the host in many ways. These favorable
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effects include (1) facilitating the metabolic conversion and uptake of beneficial dietary
components; (2) producing beneficial fermentation end products that affect intestinal pH and
interact with gut mucosa epithelial cells; (3) excluding pathogens by competing for
attachment sites within the gut mucosa; (4) interacting with the intestinal immune system
and contributing to the regulation of immune function; (5) transforming or excreting toxic
substances; and (6) generating fecal bulk that decreases transit time and dilutes toxic
substances [127]. Laboratory studies of the phenotypic differences between germfree and
conventional animals illustrate the importance of the normal microbiota for overall host
health [128, 142]; germfree animals tended to have a lower body temperature, smaller lymph
nodes, lack of deconjugation of bilirubin and bile acids, an absence of urease and /-
glucuronidase activities, and lower organ weights [20, 139].

Carcinogenesis has been associated with the microbiome through direct and indirect routes
(Fig. 1). Direct pathways include colonization of epithelia by pathogens or direct interaction
with the innate immune system via bacterial antigenic particles with pattern recognition
receptors (PRR, e.g. toll-like receptor). Indirect pathways include bacterial production of
carcinogens and chemoprotective factors from exogenous sources, such as diet, or from
endogenous sources, such as compounds resulting from human metabolism (e.g., bile acids
and steroid hormones). We present below epidemiologic and experimental evidence for
associations of the gut microbiome, diet, and cancer.

2 Molecular Characterization of the Gut Microbial Community

Bacteria colonize throughout the gastrointestinal tract, and to a great extent, bacteria in fecal
samples reflect the bacterial composition in the lumen of the large intestine [49, 129]. The
adult human intestine is host to a diverse community of microorganisms, including more
than 800 species of bacteria [119]. However, the gut microbial community is distributed
predominantly among two bacterial divisions, the Bacteroidetes and the Firmicutes, and one
Archaeal species, Methanobacter brevii [49, 62, 119, 143]. A metagenomic analysis of the
gut community also suggests that there is a core microbiome that individuals share;
however, at the bacterial species level, large variation in gut microbial composition between
individuals is observed [49, 62, 119, 143]. Therefore, the task of identifying particular
bacteria associated with a specific phenotype in humans can be difficult. Conventional
culture techniques for isolating and identifying active bacteria are arduous and time
consuming. Furthermore, quantifying bacteria with these techniques is limited because it is
estimated that approximately 40-60 % of mammalian bacterial species from the intestine
cannot be cultured with conventional techniques [20, 140].

Because of the problems inherent in conventional culture techniques, studies of gut
microbial communities have turned to molecular sequence-based approaches to identify
intestinal bacterial species [5, 53, 65, 92, 150]. Bacterial DNA and RNA can be identified
regardless of whether the bacterium itself can be cultured. For phylogenetic-based
approaches, the 16S ribosomal RNA (rRNA) gene is ideal, because it contains regions of the
DNA that are conserved across bacterial species, as well as sequences that are unique to a
specific bacterial species. Furthermore, the relationship between rRNA content and growth
rate in enteric bacteria is well established, and rRNA content per cell varies with growth rate
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under different nutrient conditions; thus, 16S rRNA content can be used as an estimate of
microbial biomass [112, 124, 131] and the physiologically active bacteria. These molecular
assays can be used to focus at the domain level (i.e., Eubacteria and Archae), the phylum
level (i.e., Bacteroidetes and Firmicutes), the functional group level (i.e., sulfate-reducing
bacteria), or the species level (i.e., Clostridia sp.).

Comparative omics technologies provide an opportunity to link microbial community
structure and function to human health and disease. In a recent study using a metagenomic
approach to catalog the genes in the microbiomes from 124 individuals, Qin et al. [119]
identified 3.3 million bacterial sequences. This approach was used to putatively categorize
humans into three classes, or enterotypes, based on the composition and functional potential
of their gut microbiome [9]. This is intriguing because it suggests that the underlying
physiology of the gut microbiome and thus, how the human host is influenced by the
microbiome, varies in a potentially predictable way. However, the presence of a gene does
not necessarily imply that it is actively being expressed and shaping microbiome-host
interactions. Functional metagenomic approaches need to be integrated with other
approaches to assess which of these genes are actively expressed (metatranscriptomics) and
translated to functioning proteins (metaproteomics). The integration of these ‘omics
technologies can also assess the presence of the metabolic pathways, such as sulfate
reduction, nitrate reduction, secondary bile acid formation, and others that interact with diet
to influence human health. They can also be used to measure the direct effects of pathogens
that may promote carcinogenesis in epithelial cells. Evidence for the influence of the gut
microbiome as a direct or indirect agent of carcinogenesis has been evident in the
epidemiologic literature (see below). Coupled with studies of in vitro systems, mouse
models, and controlled human interventions, we can start to understand the mechanisms
associated with the gut microbiome which influence human health and risk of disease.
However, until we can sample the gut microbiome in a prospective fashion, it will be hard to
understand truly the causal effect of the gut microbiome on disease outcomes [86].

3 Direct Effects of the Gut Microbiome in Cancer Development

3.1 Gut Microbes as Infectious Agents

It is now clear that infectious agents are important to the development of specific cancer
types; cervical, anal, penile, oropharyngeal, liver, and stomach cancers, along with certain
types of lymphomas, have well-established infectious etiologies [23, 42]. Approximately 20
% of the total worldwide cancer burden is attributable to known infectious agents, and this
proportion is expected to increase over time [23, 153]. The majority of known infection-
associated cancers are caused by viral agents, such as the link between cervical cancer and
oncogenic human papillomavirus alpha types, or between liver cancer and hepatitis C and B
viruses [116]. However, bacteria, and in particular microbes found in the gut, have also been
implicated as carcinogenic agents [96].

Helicobacter pylori, considered a class | carcinogen by the International Agency for
Research on Cancer (IARC), is an established cause of gastric cancer and MALT lymphoma
and accounts for approximately 5.5 % of cancers worldwide [72, 116]. Chronic carriage of
Salmonella typhi, the causative agent of typhoid fever, is hypothesized to be linked with
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gallbladder cancer [90]. Additionally, several species of bacteria have been identified as
potential candidates associated with colorectal cancer; these include Streptococcus bovis
(also known as S. gallolyticus), Fusobacterium nucleatum, H. pylori, Coriobacterialies, and
enterotoxigenic Bacteroides fragilis (ETFB) [27, 31, 63, 100].

Most of the studies linking potential infectious bacterial agents to carcinomas of the gut
have used a case—control design. Although case—control studies are efficient for studying
rare diseases, they are unable to establish the temporal relationship between infection and
cancer [99]. This methodological concern is important to the interpretation of case—control
study results. For cancer, the microenvironment around the tumor becomes more anaerobic,
and possibly, more susceptible to infection as the cancer progresses [68]. Therefore, it is
unclear if the malignant tumor creates an ideal environment for infection with specific
bacterial agents, or if bacterial infection precedes the carcinoma and acts to drive
carcinogenesis via inflammation or other pathways. Furthermore, some bacterial species
may be important in early carcinogenesis but may not be able to tolerate the new tumor
environment as the cancer develops; these potentially important agents would be missed in
case—control studies of cancer in the gut. Thus, prospective studies and studies of precursors
to cancer, such as colorectal adenomas, are important to determining causality in the
relationship between bacterial agents and cancer.

In addition to determining the temporal relationship between bacterial agents and cancer,
mechanisms by which infectious agents may promote carcinogenesis should be established.
Each of the bacterial species discussed briefly above are hypothesized to follow a more
traditional model of microbial carcinogenesis by promating cancer directly at the site of
infection. In this model, the microbe would infect the gut mucosa, resulting in a chronic,
local inflammatory response which triggers cellular proliferation, cytokine production, and
oxidative DNA damage due to an increase in reactive oxygen species [37]. Over time, DNA
damage would accumulate in the infected cells, as well as adjacent cells, with mutations in
tumor suppressor genes and oncogenes driving morphologic changes that eventually
progress to a malignant tumor. Although this model is certainly important for H. pylori and
the development of gastric cancer [51], increasing evidence points toward the potential for
gut microbes to affect carcinogenesis at anatomic sites beyond the gastrointestinal tract and
to have complex interactions with diet [36, 123]. For example, some researchers hypothesize
that H. pylori and high salt intake may act synergistically to promote gastric cancer [147].
Further, recent studies have shown that polyamine catabolism contributes to ETFB-induced
colon tumorigenesis in mice [63] (see dietary polyamine section below). Diet may also serve
as a potential source of infection for possible carcinogenic agents. For example, high red
meat intake is associated with an increased risk of colorectal cancer [114], and it is possible
that this relationship is mediated by potentially carcinogenic bacterial contaminants of red
meat products, such as S. bovis [84].

3.2 Gut Microbial Antigenic Particles Associated with Inflammation

Lipopolysaccharide (LPS, also known as endotoxin) is a bacterial cell wall component in
gram-negative bacteria that is associated with low-grade, chronic inflammation in obesity
[29, 30, 38] and colorectal cancer [28, 56]. LPS acts through toll-like receptor-4 (TLR-4), a
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PRR associated with innate immunity, which triggers TGF-#mediated pathways [1, 97].
This leads to the expression of various genes that promote neoplasia, including those of
growth factors and inflammatory mediators. Serum LPS-binding protein (LBP), a protein
that binds LPS upon activation of TLR-4, is correlated with circulating concentrations of
LPS [117], and a recent prospective study showed that polymorphisms in the LBP gene were
associated with increased colorectal cancer risk [33]. To date, no studies have evaluated the
association of these mutations to the distribution of gram-negative bacteria in the gut
microbiome and cancer risk.

4 Indirect Effects of the Gut Microbiome in Cancer Development and

Prevention

Host diet influences the amount and types of bacteria present in the gut, and gut microbial
metabolism of dietary compounds affects the production of both protective and harmful
metabolites. Therefore, the interaction between dietary intake and the commensal gut
bacteria may ultimately influence cancer risk in humans. Cancers arise as a consequence of
genomic and epigenomic instability. This instability permits the accumulation of genetic and
epigenetic alterations that transform normal, healthy cells into cancer cells. Microbial
metabolites may influence the development of microsatellite unstable (MSI) or
chromosomal unstable (CIN) tumors through direct genotoxic effects on DNA, as well as by
modulating DNA repair systems and by modulating epigenetic mechanisms through histone
acetylation or CpG Island methylation [98, 137]. Groups of bacteria with unique metabolism
—such as chemolithoheterotrophs that use inorganic compounds as an electron acceptor and
organic carbon sources for growth and organoheterotrophs that use organic carbon for both
respiration and growth—have been associated with cancer. We describe below several
examples of metabolism unique to bacteria that support mechanisms by which the gut
microbiome can 1) produce metabolites from exogenous sources (i.e., diet) that may
influence tumorigenesis or 2) alter exposure to circulating levels of endogenous compounds,
such as steroid hormones or bile acids, that influence tumorigenesis (Table 1).

4.1 Gut Microbial Metabolism of Exogenous Substrates Associated with Carcinogenesis

4.1.1 Sulfate Reduction—Hydrogen sulfide (H,S) is produced by sulfate-reducing
bacteria (SRB) and has been shown to have both cytotoxic and genotoxic effects in cell
culture studies [13, 44, 75]. For example, using a modified comet assay, Attene-Ramos et al.
[13] showed that H,S resulted in genomic DNA damage. Sulfide has also been shown to
prevent the oxidation of butyrate by colonic epithelial cells, thereby reducing ATP formation
and energy harvest [34]. This lowers the absorption of ions, mucus formation, and cellular
detoxification. Roediger et al. [121, 122] reported decreased fatty acid oxidation in
colonocytes exposed to H,S, and there is evidence that sulfide alters cellular redox potential
which, in turn, alters cell proliferation [44].

The role of SRB in inflammatory bowel disease and colorectal cancer has been evaluated in
several epidemiologic and clinical studies [15, 60, 80, 118, 121, 122, 130]. Genomic
instability associated with sporadic colon cancer and ulcerative colitis (UC), a risk factor for
colon cancer, is hypothesized to result in part from H,S exposure [14]. In a population-based
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study (n = 55), the distribution of SRB varied between different ethnic groups and the
prevalence of SRB was associated with the diets of groups having higher rates of colon
cancer [115]. UC has been linked to increased inflammation possibly associated with H,S
generated by SRB [52]. Furthermore, when analyzed by culture methods, fecal samples from
patients with UC showed higher concentrations of SRB than feces from patients without UC
[61].

SRB are often members of the normal gut microbiota, and diet can influence their
distribution and activity. Dietary protein, especially sulfur-containing amino acids, and
inorganic sulfur sources (SO4 in water) contribute to H,S production [46]. In a controlled
feeding study, Magee et al. [95] showed that H,S was significantly related to the amount of
meat protein consumed. In mice, inorganic sulfate consumption enhanced sulfate reduction
[46], and sulfonated proteins (e.g., mucins) enhanced sulfate reduction and inhibited
methanogenesis in a continuous culture inoculated with fecal slurry [59]. These studies show
that SRB are required for sulfate reduction to occur and that diet can alter their abundance.
Most SRB form a fairly phylogenetically discreet group found in the delta subdivision of the
delta Proteobacteria. One exception is Desulfotomaculum, which is found in the Clostridium
subdivision of the gram-positive bacteria [71]. The functional genes, dissimilatory (bi)
sulfite reductase (dsrA) [154] and the adenosine-5’-phosphosulfate reductase (apsA), are key
enzymes in the sulfate reduction pathway [45, 55].

4.1.2 Nitrate Reduction—Epidemiologic studies have suggested an increased risk of
colon cancer associated with red and processed meat consumption [114]. Numerous
constituents in red and processed meats may contribute to this increased risk [17], including
protein and other nitrogenous residues which allow for increased gut bacterial production of
N-nitroso compounds (NOC) [22]. Nitrate can be reduced endogenously to nitrite via nitrate
reductase produced by the gut bacteria, and nitrite can interact with organic compounds to
form NOC. Many classes of NOC have been identified in feces, including nitrosamines,
nitrosamides, and nitrosoguanidine [25]. NOC can form DNA adducts which induce
mutations. For example, it has been shown that some NOC are alkylating agents that induce
GC to AT transitions at the second base of codon 12 or 13 of the K-ras gene—this is a
common mutation found in colorectal tumors with K-ras mutations [25]. More recently,
transcriptomic analysis of colon biopsies was compared in inflammatory bowel disease
patients diagnosed with UC and irritable bowel syndrome patients without inflammation
[66]. The investigators associated gene expression levels with fecal NOC in all study
participants (cases and controls) and, using network analysis, found chromatin modification
linked to altered regulation of 11 histone genes. This suggested that epigenetic mechanisms
may be relevant to NOC-induced carcinogenesis.

Diet can influence NOC concentrations. Meat consumption increases the amount of
nitrogenous residues in the colon [136], and in a controlled feeding study in eight men, there
was a dose—response between intake of meat and fecal concentrations of NOC [73]. Fecal
water genotoxicity correlated with colonic gene expression changes in pro-carcinogenic
pathways, including DNA damage repair, cell cycle, and apoptosis pathways in a 7-day
dietary intervention with red meat [67]. Additional controlled feeding studies in men showed
that, while heme iron increased fecal NOC, protein sources low in heme (i.e., white meat
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and protein from vegetable sources) did not increase fecal NOC [22, 39]. The independent
effect of heme on NOC suggested that chemical catalysis, in addition to bacterial N-
nitrosation, may be responsible for the dose-dependent effect of red meat on increasing
endogenous intestinal N-nitrosation [39]. The addition of broccoli, brussels sprouts, or green
peas to a high red meat diet had no effect on mean levels of fecal NOC, but the addition of
soy statistically significantly suppressed fecal NOC [74].

The importance of gut bacteria in N-nitrosation has been demonstrated by the fact that N-
nitrosation does not occur in germfree rats given nitrate as a nitrosating agent, but it does
occur in rats harboring a conventional gut microbiota [103]. A number of facultative and
anaerobic bacteria are able to catalyze the formation of NOC via nitrate reductase, and
dissimilatory nitrate reduction is carried out by a number of bacteria distributed across
bacterial groups. The narG gene is responsible for the reduction of nitrate to nitrite.
Interestingly, recent studies in humans observed an increased risk of colorectal cancer in
people ingesting more than three servings of red meat per week and who had a
polymorphism in the nucleotide excision repair pathway [79]. However, the combined effect
of degree of gut microbial formation of NOC and variation in host DNA repair mechanisms
on colorectal cancer risk has not been investigated.

4.1.3 Polyamine Production—Polyamine exposure has been linked to inflammation in
colonic mucosa and subsequent colon cancer risk [58]. Ornithine is converted to the
polyamine putrescine, which is a precursor of spermidine and spermine. While this pathway
is important to normal growth, the polyamines can also be oxidized to produce reactive
oxygen species contributing to a chronic inflammatory microenvironment. An increased flux
of polyamines into epithelium up-regulates eukaryatic ornithine decarboxylase (ODC), a key
regulatory enzyme involved in polyamine synthesis and up-regulated in colon cancer. This
may favor colon cancers that have upregulated the MAPK signaling pathway downstream
from K-ras mutations found in CIN tumors [76, 89, 105].

Although polyamines are produced endogenously, both polyamines from diet, as well as
those generated by microbial metabolism of dietary precursors, influence levels to which gut
epithelial cells are exposed. Gerner et al. [57] showed that the efficacy of chemopreventive
treatments can be influenced by modulation of dietary putrescine; however, modulation of
the gut microbiome is a chemoprevention avenue that has not received attention. A common
chemoprevention treatment in familial adenomatous polyposis is to block ODC with
difluoromethylornithine (DFMO) and nonsteroidal anti-inflammatory drugs [58]. DFMO
acts on eukaryotic production of polyamines; however, it may be less effective in altering
the supply of bacterially produced putrescine. Given the phylogenetic and structural
diversity of bacterial amino acid decarboxylases [91], there are multiple, diverse pathways
by which bacteria produce polyamines and influence lumenal polyamine concentrations.
Thus, while DFMO may influence eukaryotic production of polyamines, bacterial
production may not be influenced. For example, DFMO has been shown to be effective in
altering growth rates in H. pylori, but not those of other enterics, such as E. coli and C.
rodentium [16]. Identifying new approaches for reducing polyamine production by gut
microbes or altering the gut microbial community may be another chemoprevention strategy
in high-risk patient populations.
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4.1.4 Flavonoid Metabolism—Epidemiologic studies have shown that the consumption
of foods of plant origin is associated with lower risk of several cancers [152]. Flavonoids are
polyphenolic compounds and are the most abundant phytonutrients in the human diet.
Categorized into six major subgroups, they have various cancer-impeding activities, such as
reducing DNA damage via antioxidant properties or interacting with inflammation pathways
(reviewed in [138]). High inter-individual variation in excretion and circulating
concentrations and the extent of metabolism is probably a reflection of variation in the gut
microbiome.

Probably the most extensively studied flavonoid with regard to bacterial metabolism is the
soy isoflavone daidzein. Studies have shown that approximately 30-50 and 80-90 % of the
population are able to metabolize daidzein to equol [54, 88] and O-desmethylangolensin
(ODMA) [6, 81], respectively. Several in vitro studies suggest that equol is more
biologically active than its precursor daidzein. For example, equol has been shown to be
more estrogenic [101], is a more potent antioxidant than daidzein [7, 120, 144, 145], and has
a higher effective free fraction in serum than both genistein and 17/-estradiol [110]. This
has led to increased interest in equol producers as potential “responders” to soy
consumption; over 10 years ago, Setchell et al. [133] hypothesized that the failure to
“bacteriotype” individuals for their ability to produce equol in previous intervention studies
of soy or isoflavone supplements could explain the variable results seen in such studies.
Some, although not all, studies have shown a lower risk of breast cancer and prostate
cancers associated with equol production (reviewed in [87]) and favorable associations, in
terms of breast cancer risk, between equol production and circulating concentrations of
steroid hormones, urinary estrogen metabolites, and mammographic breast density [10, 48,
54, 113].

Human intestinal bacteria are responsible for the production of equol and ODMA [11, 32].
Certain bacteria have been identified that are capable of carrying out discrete steps in the
pathway to equol production [135], but other work also suggests that a consortium of
bacteria consisting of Enterococcus faecium strain EPI1, Lactobacillus mucosae strain EPI12,
Finegoldia magna strain EPI3, and an as yet undescribed species related to Veillonella sp.
may be involved in equol production [43].

4.1.5 Metabolism of Glucosinolates from Brassica—Consumption of cruciferous or
Brassica vegetables has been shown to be inversely associated with risk of some cancers
[85]. Isothiocyanates (ITC), the hydrolysis products of glucosinolates, have been shown to
have anti-carcinogenic properties both in vitro and in vivo (reviewed in [111]). The biologic
effects of ITC are diverse, including interaction with multiple signaling pathways important
to carcinogenesis as well as cross talk between pathways. The inhibitory activity of ITC
against tumorigenesis is inferred by its ability to modulate Phase 1 and 2 biotransformation
enzyme activities, thereby affecting several processes related to chemical carcinogenesis,
such as the metabolism and DNA binding of carcinogens [70]. In vitro studies have also
indicated that ITC cause cell cycle arrest and induce apoptosis [109].

Glucosinolates are converted into ITC by either the plant myrosinases or bacterially
produced thioglucosidases. Cooking cruciferous vegetables deactivates the plant
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myrosinases, and given that most cruciferous vegetables consumed by humans are cooked,
gut bacteria play a critical role in converting glucosinolates to ITC. Previous studies have
shown that certain species of bacteria, such as Escherichia coli, Bacteroides

thetai otaomicron, Enterococcus faecalis, E. faecium, Peptostreptococcus sp., and
Bifidobacterium sp., isolated from the human gut or feces can convert glucosinolates into
ITC and other derivatives [26, 50, 69]. Controlled feeding studies in humans have shown
significant inter-individual differences in urinary ITC excretion after participants consumed
the same amount of cruciferous vegetables that had been either heated or microwaved prior
to consumption to remove the plant myrosinase activity [125, 134, 146]. Similar effects have
been found in controlled feeding studies with rats [35, 126]. This suggests inter-individual
differences in the activity or composition of the intestinal bacteria involved in ITC
formation. In support of this hypothesis, we showed recently that the fecal bacteria from
individuals who excrete higher amounts of ITC in their urine after a standard meal of cooked
broccoli metabolize more glucoraphanin [93].

4.2 Gut Microbial Metabolism of Endogenous Substrates Associated with Carcinogenesis

4.2.1 Production of Secondary Bile Acids—The secondary bile acid (SBA),
deoxycholic acid (DCA), a colonic bacterial transformation product, has been implicated in
gallstone formation [141] and colorectal carcinogenesis [21, 106]. The primary bile acids,
cholic acid (CA) and chenodeoxycholic acid, are synthesized in the liver from cholesterol,
are conjugated with either glycine or taurine, and undergo enterohepatic circulation (EHC).
Although EHC of bile acids between the liver, gallbladder, and intestines is approximately
95 % efficient, up to 5 % of bile acids escape EHC and are transformed by anaerobic
bacteria in the colon to SBA, DCA and lithocholic acid (LCA). Diet can affect the amount
of bile acids entering the colon, and studies suggest that high-fat diets may result in higher
fecal SBA concentrations [40, 104]. SBA have been shown to have tumor-promoting actions
in animal studies, and some studies in humans have shown increased risks of colorectal
cancer associated with high fecal bile acid concentrations (reviewed in [104]). However, not
all studies have shown such associations [107]. Associations between fecal bile acid
concentrations and colon cancer are complex given that factors such as gut transit time and
pH may also influence fecal SBA concentrations, and it has been suggested that fecal bile
acid concentrations may overestimate the amount of DCA in the bile acid pool given that
nearly all bile acids that escape EHC are converted to SBA before excretion [104].
Nonetheless, serum DCA levels, which may reflect the bile acid pool more accurately, also
have been shown to be higher in patients with colon cancer than in healthy individuals [18,
19]. A potential mechanism for associations between DCA and colon cancer is that DCA
may change the balance between apoptosis, proliferation, and differentiation in the intestinal
epithelium [64], acting through interference of tumor suppression and enhancing stimulation
of growth via cell signaling pathways.

The bacteria responsible for DCA formation have been identified and belong to the genus
Clostridium [47, 83, 148, 149]. These bacteria are classified into two classes with either high
or low 7a-hydroxylating activity which may explain some of the inter-individual variation
in DCA concentrations. In addition, the bile acid inducible (bai) operon, involved in the
bacterial 7a-dehydroxylation of CA to DCA, has been characterized [148].
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4.2.2 Metabolism of Endogenous Estrogens—Breast cancer risk is associated with
higher levels of circulating estrogens, such as estradiol (E>), estrone (E1), E1 sulfate (E1S),
estriol (E3) and dehydroepiandrosterone (DHEA) [82], and 16a-hydroxyestrone (16a.-
OHE;,) in urine [10]. Both genetic and environmental factors that alter circulating estrogen
levels may influence the risk of breast cancer.

Estrogens circulate in the bloodstream either free or bound to protein, conjugated or
unconjugated, and either interact with target tissue or are excreted. Estrogens are sulfated,
glucuronidated, or methylated in the liver, and about 50 % are excreted in urine and the
other half are excreted in bile and undergo EHC. In the colon, some of the compounds are
excreted in feces and some are metabolized by the gut microbiome (reviewed in [108]). The
gut microbiome can (1) increase the exposure to circulating hormones via deconjugation and
(2) influence the composition (or types) of hormones in circulation via hydroxylation/
dehydroxylation and methylation/demethylation. f-Glucosidases, f-glucuronidases, and
sulfatases from a wide variety of gut bacteria hydrolyze hormone conjugates [41]. These
unconjugated estrogens are reabsorbed into the bloodstream and excreted in urine or can
undergo EHC again [132]. Adlercreutz and others showed over 30 years ago that when
patients were given antibiotics, urinary estrogen excretion decreased suggesting that gut
bacteria are important in regulating EHC of estrogens and therefore exposure [3, 4, 102].
Diet may also influence serum hormone concentrations either directly by binding of
estrogens by dietary fiber [8] or indirectly by influencing gut microbial community
metabolism of estrogens [2].

Many gut bacteria are capable of performing the initial step of hydrolyzing conjugated
steroids [151], which enables further metabolism by intestinal bacteria to occur. Microbial
metabolism of estrogens includes reduction, oxidation, and the generation of E; from E, as
well as from E,-3-glucuronide, E; from E,, and from estrone-3-sulfate (E;S), and E3 from
16a-OHE;. In addition, in vitro incubation showed conversion of E;, E, and 16a-
dehydroxyestrone to E3, 16-oxoestradiol to 16-epiestriol, and 15a-hydroxyestrone to 15a-
hydroxyestradiol [77, 78, 94]. Ring- A reduction is catalyzed by enzymes from a wide
variety of bacteria including Clostridium paraputrificum and Bacteroides sp., and reductive
dehydroxylation of ring-D and oxidative reactions, such as dehydrogenation, is carried out
by bacteria such as Eubacterium lentum [24].

We recently evaluated associations between gut microbial community composition and
circulating steroid hormone concentrations in a cross-sectional study of 115 healthy
premenopausal women, age 40-45 years [12]. The gut microbial community from fecal
samples was measured by terminal restriction length polymorphism (TRFLP) analysis with
two restriction enzymes, Alu | (predominantly Bacteroidetes) and Rsa | (predominantly
Firmicutes), and quantitative PCR (qPCR) of the 16S rRNA genes of Bacteria, Bacteroides,
Clostridia Cluster X1Va, and Archaea. Regression models were fit to assess associations
between hormones and the gut microbial community structure. The outcomes measured
were serum concentrations of Eq, E; S, total and free E,, sex-hormone-binding globulin
(SHBG), free Ej:total E5 ratio, and exposures were gut microbial community multivariate
axes from TRFLP analysis and qPCR. The final solution for NMS analysis of the Alu |
TRFLP patterns had stable stress values of 16.65, after 400 iterations. The three axes
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cumulatively explained 79.7 %of the variation in both subsets of TRFLP data. Axes 1, 2,
and 3 explained 26.2, 31.7, and 21.7 %, respectively. The final solution for NMS analysis of
the Rsa | TRFLP patterns had stable stress values of 16.87, after 400 iterations. NMS
analysis for Rsa | TRFLP explained a total of 82 % of the variation in the data for axis 1 (23
%), axis 2 (29 %), and axis 3 (29 %). E; (p<0.004), E;S (p<0.017), E,, and free E:total Eo
ratio were significantly associated with the gut microbial community using ALU | (p<0.05).
E;S, E,, and free Ey:total E, ratio were significantly associated with the gut microbial
community described by Rsa | (p<0.05). E, free E,:total E; ratio, and SHBG were
associated with Bacteroides. Eq and E;S were associated with Archaea (p<0.05). When
adjusted for dietary factors and demographics, there was a significant association between
E1S and either Archaea or Alu Axis |, free Eo:total E; and Alu Axis 2, and E; and Rsa Axis
I, suggesting that the composition of the gut microbiome may be a factor in determining
concentrations and types of circulating steroid hormones. This study suggests that it is
important to consider an exposure such as diet within the context of gut microbial
community (Table 2).

5 Conclusions

Aspects of human health are influenced by the interaction of the gut microbiome, diet, and
host physiology. We presented examples of microbially mediated pathways associated with
cancer. These pathways involve both 1) direct contact of the pathogen with human host and
2) indirect effects of microbial metabolism of exogenous and endogenous substrates. These
pathways alter inflammation, modify DNA leading to mutations, or influence epigenetics
and gene silencing. Recent metagenomic studies of the gut microbiome have revealed the
varied anaerobic metabolisms, both chemoheterotrophic and organoheterotrophic, involved
in fermentation and the production of metabolites that are either beneficial or harmful to the
host [9, 143]. In addition, these approaches have characterized differences in the
composition of the microbial community associated with tumor and nontumor regions in the
colon [100]. Inter-individual variation in cancer risk may therefore be associated with
microbial biomass, composition, and function, and the interaction with host factors such as
diet. Future studies need to consider the gut microbiome as a contributing functional unit in
relation to host exposures in order to better understand both its impact and those of the
exposure on cancer risk and to design appropriate prevention strategies.
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MS Microsatellite unstable
CIN Chromosomal unstable
SRB Sulfate-reducing bacteria
uc Ulcerative colitis
NOC N-nitroso compounds
oDC Ornithine decarboxylase
DFMO Difluoromethylornithine
ODMA O-desmethylangolensin
ITC Isothiocyanates
EHC Enterohepatic circulation
SBA Secondary bile acids
CA Cholic acid
DCA Deoxycholic acid
LCA Lithocholic acid
E, Estradiol
Eq Estrone
E;S Estrone-3-sulfate
Ej Estriol
DHEA Dehydroepiandrosterone
16a-OHE1 16a-hydroxyestrone
TRFLP Terminal restriction length polymorphism
SHBG Sex-hormone-binding globulin
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Direct and indirect mechanisms by which the gut microbial community may influence
cancer risk. Direct colonization of gut epithelium by pathogens, as well as effects of
microbial antigens (e.g., lipopolysaccharide—LPS), contribute to inflammation and altered
immune function. Indirectly, microbial metabolites of exogenous substrates (i.e., dietary
constituents) and endogenous host compounds (i.e., steroid hormones, bile acids, etc.) can
affect the carcinogenesis continuum within the colon, as well as in other tissues via systemic

effects
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Associations between serum hormone concentrations (outcome)?, the gut microbial community (exposure),

and diet (exposure) in premenopausal women

pCoefficient  pvalue

Estrone sulfate

Archaeal -0.11 0.028
Total fiber -0.01 0.019
Alu | Axis 1 -0.18 0.017
Total fiber -0.01 0.094
Total fat -0.005 0.045
Freeestradiol: all estradiol

Alu | Axis 2 0.21 0.013
Total fiber -0.01 0.099
Total estradiol

Rsa | Axis 2 0.17 0.028
Total fiber -0.011 0.053

aUsing stepwise GLM that considered inclusion at 0.10 level for hormones, percent body fat, and potentially confounding demographic factors

bAdjustment for adiposity
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