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Abstract The human gastrointestinal tract harbors a com-
plex and abundant microbial community that can reach
levels as high as 1013–1014 microorganisms in the colon.
These microorganisms are essential to a host’s well-being in
terms of nutrition and mucosa immunity. However, numer-
ous studies have also implicated members of the colonic
microbiota in the development of colorectal cancer (CRC).
While CRC involves a genetic component where damaged
DNA and genetic instability initiates a malignant transfor-
mation, environmental factors can also contribute to the
onset of CRC. Furthermore, considering the constant expo-
sure of the colonic mucosa to the microbiome and/or its
metabolites, the mucosa has long been proposed to contrib-
ute to colon tumorigenesis. However, the mechanistic
details of these associations remain unknown. Fortunately,
due to technical and conceptual advances, progress in char-
acterizing the taxonomic composition, metabolic capacity,
and immunomodulatory activity of human gut microbiota
have been made, thereby elucidating its role in human health
and disease. Furthermore, the use of experimental animal
models and clinical/epidemiological studies of environmen-
tal etiological factors has identified a correlation between
gut microbiota composition and gastrointestinal cancers.
Bacteria continuously stimulate activated immunity in the
gut mucosa and also contribute to the metabolism of bile
and food components. However, the highest levels of car-
cinogen production are also associated with gut anaerobic

bacteria and can be lowered with live lactobacilli supple-
ments. In this review, evidence regarding the relationship
between microbiota and the development of CRC will be
discussed, as well as the role for microbial manipulation in
affecting disease development.
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GI Gastrointestinal
ROI Reactive oxygen intermediate
H2S Hydrogen sulfide

Introduction

Within a malignant tumor, a complex community exists.
This community can include oncogenically transformed
cells with aberrant genomes, non-neoplastic cells including
immune and stromal cells, and in some cases, microbes such
as bacteria and viruses [1]. There are several types of cancer
that are associated with infectious agents, and these cancers
tend to occur in tissues that have a high level of exposure to
microbes. Well-known examples include cervical cancer
and gastric cancer, which can be caused by human papillo-
maviruses and the bacterium, Helicobacter pylori, respec-
tively [2, 3].

For colon carcinogenesis, it is becoming increasingly
evident that the large, complex bacterial population of the
large intestine plays an important role [4]. For example, in
animal models, mutant mice that are genetically susceptible
to colorectal cancer (CRC) were found to develop signifi-
cantly fewer tumors when maintained in germ-free condi-
tions than in the presence of a conventional microbiota
environment [5]. Therefore, it is possible that microbes
influence multiple processes that affect cancer risk, includ-
ing control of epithelial cell proliferation, differentiation,
production of essential nutrients and/or bioactive food com-
ponents, prevention of overgrowth of pathogenic organisms,
inflammation, and stimulation of the intestinal immune sys-
tem [4, 6, 7]. Furthermore, bacteria have been linked to
CRC based on their production of toxic and genotoxic
metabolites which can bind specific intestinal cell surface
receptors and affect intracellular signal transduction. Carci-
nogenic agents may also be present in the diet or formed in
vivo during digestion.

In this review, we will discuss the relationship between
microbiota and the development of CRC which is emerging
from experimental studies, as well as evidence that the
microbial manipulation (probiotic) can impact disease
development.

Overview of human gastrointestinal microbiota

Bacteria constitute approximately 90 % of all cells in the
human body [8]. Furthermore, in the adult human gut, it is
estimated that approximately 100 trillion microbial organ-
isms reside, and these are collectively referred to as micro-
biota [9, 10]. Although the composition of the microbiota is
remarkably stable at different anatomic locations along the

gut, the absolute numbers of microbiota vary greatly [11].
For example, human gastrointestinal (GI) microbiota is
present in the mouth, with 108–1010 colony-forming units
(CFU) of bacteria present per gram saliva. With the
swallowing reflex, these bacteria are constantly fed to
the GI channel. Upon reaching the stomach, the number
of bacteria is reduced to ~103CFU/g gastric juice and
then to 102–104CFU/g content for the duodenum and
jejunum. However, bacteria levels then increase in the
ileum and colon to ~1010 and 1010–1012CFU/g content,
respectively [12]. The majority of these bacteria, estimat-
ed to constitute 1014 cells and more than 103 different
species, colonize in the large intestine [13–15]. This
complex ecosystem develops as a result of interactions
between a host’s physiology and the bacteria that are
introduced from the environment soon after birth [16].
In healthy adults, each person’s unique population of
fecal microbiota is fairly stable over time, although fluc-
tuations can occur in response to environmental, devel-
opmental, and pathological events [17]. Interestingly, the
bacterial density in the large intestine (~1012cells/ml) is
much greater than in the small intestine (~102cells/ml),
and an approximately 12-fold higher risk of cancer is
associated with the former than the latter [5].

Human intestinal microbiota has been found to be
dominated by strict anaerobes including Bacteroides,
Eubacterium, Bifidobacterium, Fusobacterium, Peptos-
treptococcus, and Atopobium [18]. In contrast, facultative
anaerobes are present at approximately 1,000-fold lower
levels and include Lactobacilli, Enterococci, Streptococci,
and Enterobacteriaceae. There are more than 500 differ-
ent bacterial species that may be present in normal com-
mensal microbiota, although the exact number and
variability among individuals remain to be characterized
[19, 20]. In addition, specific strains of bacteria have
been implicated in the pathogenesis of cancer, including
Streptococcus bovis, Bacteroides, Clostridia, and H. py-
lori [21–24]. Conversely, some strains of bacteria, includ-
ing Lactobacillus acidophilus and Bifidobacterium
longum, have been shown to inhibit carcinogen-induced
colon tumor development [25, 26]. Thus, it appears that
the balance between “detrimental” and “beneficial” bac-
teria can affect the development of cancer. Correspond-
ingly, a shift in the proportion of microbes present has
been reported to influence carcinogen bioactivation and,
thus, cancer risk.

Gut microbiota in the pathogenesis of colorectal cancer

It has long been thought that gut bacterial strains are incon-
sequential colonizers of the gut, while serving as pathogens
when in the bowel. However, intestinal microbiota is now
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considered to have a symbiotic role with the host, which
contributes to the maintenance of good health. Alternatively,
though, gut bacteria can also be responsible for the
development of chronic GI disorders when they are pres-
ent at higher than normal concentrations or when they
localize to regions of the gut that typically support low
levels of bacteria. For example, Swidsinski and col-
leagues [27] detected high concentrations of bacteria
present in 90 % of colonic biopsy specimens collected
from patients with CRCs, in 93 % of specimens collected
from patients with colonic adenomas, and in none of the
specimens collected from asymptomatic controls. There-
fore, bacterial or viral enteric infections may have a role
in GI cancers [28]. Cuevas-Ramos and colleagues [29]
also showed that adherent/invasive Escherichia coli
strains were highly abundant in the colonic mucosa of
patients with colorectal carcinoma and adenoma, yet not
in normal colonic mucosa. These results demonstrate that
a specific microorganism can be responsible for a malig-
nant pathology. Similarly, S. bovis has been implicated in
colonic neoplasia. Supplements of this strain of bacteria,
as well as antigens extracted from the bacterial cell wall,
have been shown to induce the formation of hyperproli-
ferative aberrant colonic crypts and to increase the ex-
pression of proliferation markers in carcinogen-treated
rats [30].

In 2011, three independent groups reported four high-
resolution maps of human colonic dysbiosis associated
with CRC [1, 31, 32]. All of these microbiome maps were
generated from late-stage CRC tissue, and samples from
both tumor tissues and surrounding nontumor tissues were
examined. Similarities in the microbiome samples collected
from the same individuals were found, despite the samples
being from tumor and nontumor sites. A recent study also
demonstrated that microbial communities of cancerous tis-
sue and noncancerous tissues were similar based on an
unweighted UniFrac principal component analysis (PCA)
that was performed. Taken together, these results indicate
that there is no marked difference in the microbial compo-
sition of tissues versus noncancerous tissues. However, the
tumor microbiota did exhibit lower levels of diversity [33].
Despite the small sample size and differences in the exper-
imental approaches used for these studies, it also appears
that several bacterial species seem to preferentially inhabit
either tumor or nontumor sites. The most striking similarity
among the four documented CRC microbiomes was the
enrichment of Fusobacterium spp. detected in the tumor
samples. A histological analysis of a colorectal adenocar-
cinoma cell line also showed that these bacteria can invade
tumor cells, thereby leading to their metastasis throughout
the body. In addition, the relative abundance of Bacteroi-
daceae, Streptococcaceae, Fusobacteriaceae, Peptostrepto-
coccaceae, Veillonellaceae, and Pasteurellaceae have been

found to be significantly higher in cancerous tissues com-
pared to the intestinal lumen. Furthermore, a significantly
lower level of Lachnospiraceae, Ruminococcaceae, and
Lactobacillaceae has been found in cancerous tissues com-
pared to the intestinal lumen [33].

Conversely, nontumor sites appear to provide a niche
for potentially pathogenic members of the family Enter-
obacteriaceae, such as Salmonella, Citrobacter, Crono-
bacter, and Shigella spp. [31], as well as members of the
other Actinomycetales. Members of the phylum, Firmi-
cutes, also exhibit a disparate distribution where some
species are enriched in tumor tissues, while others inhabit
the adjacent healthy mucosa of nontumor sites. These
observations may reflect the ability of organisms that
belong to the same taxonomic clade to mediate different
functional roles in an ecosystem. Furthermore, this phe-
nomenon may depend on the functional repertoire of the
organisms involved, and these may include toxins, viru-
lence factors, and other factors that facilitate interactions
between bacteria and their environment [34].

Using a pyrosequencing-based analysis, Chen et al.
examined 16S rRNA genes to profile the microbiota
present in patients with CRC compared to healthy con-
trols. Specifically, microbiota of the intestinal lumen,
cancerous tissues, and matched noncancerous normal tis-
sues were analyzed. In addition, mucosa-adherent
microbes were examined from rectal swab samples, since
tissue-adherent bacterial communities are potentially al-
tered following bowel cleaning. The microbial structure
of the intestinal lumen and cancerous tissues was found
to differ considerably [33], with Firmicutes being more
abundant and Bacteroidetes and Proteobacteria being less
abundant in the lumen. Intestinal lumen microbiota and
mucosa-adherent microbiota were also found to differ in
CRC patients compared to matched healthy individuals.
For example, the mucosa-adherent microbiota, Bifidobac-
terium, Faecalibacterium, and Blautia, were reduced in
CRC patients, whereas Fusobacterium, Porphyromonas,
Peptostreptococcus, and Mogibacterium were enriched.
In the lumen, predominant phylotypes related to metabol-
ic disorders or metabolic exchange with the host, Erysi-
pelotrichaceae, Prevotellaceae, and Coriobacteriaceae
were increased in CRC patients. These results suggest
that the intestinal microbiota is associated with CRC risk
and that intestinal lumen microflora potentially affects
CRC risk primarily through direct interaction with the
host. Gueimonde et al. [35] used quantitative reverse
transcriptase polymerase chain reaction to analyze colonic
mucosa samples obtained from 34 patients, including 21
patients with CRC, 9 patients with diverticulitis, and 4
patients with inflammatory bowel disease (IBD). For the
patients with CRC, they had significantly lower levels of
B. longum and Bifidobacterium bifidum compared to the
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other patients. Shen et al. [36] also evaluated adherent
bacteria present in 21 adenoma and 23 non-adenoma
subjects. After sequencing 335 clones for phylogenetic
and taxonomic analyses, higher numbers of Proteobacte-
ria and lower numbers of Bacteroidetes were detected in
tumor subjects compared to control subjects. Further-
more, in an analysis of stool bacterial DNA using pyro-
sequencing and subsequent PCA, Sobhani et al. [37]
detected a change in the composition of the microbiota
of CRC patients. In particular, the Bacteroides/Prevotella
species were found to be more numerous in cancer
patients than in control subjects.

Taken together, these studies demonstrate that the gut
microbiota may play an important role in CRC develop-
ment, and this contribution can be detected quantitatively
and qualitatively.

Possible mechanisms that link gut microbiota
to the development of colorectal cancer

Gut microbiota reach their highest concentration in the
large intestine, with over 1012 bacteria per gram of
content [38]. Accordingly, the activities of this population
have a significant impact on the health of the host.
Therefore, if microbiota is involved in cancer develop-
ment, the colon is predicted to be a major site of action.
Animal models, including knockout mouse models and
germ-free mice, have provided valuable insight into the
role of bacteria in the development of CRC [39]. For
example, the first observation linking the gut microbiota
with CRC development was reported by Reddy et al.
[40] in 1975. It was found that only 20 % of germ-free
rats developed chemically induced CRC, while 93 % of
conventionally maintained rats developed cancer and also
exhibited multiple neoplasms. Since then, many animal
models have shown that, under germ-free conditions,
colitis and subsequent tumor formation are suppressed
compared to either mono-associated or conventionalized
animals [41–46]. Therefore, an important relationship
between intestinal microbiota, potential effects on the
immune system, and CRC has been established. Corre-
spondingly, persistent immune dysregulation brought on
by pathologic flora can contribute to inflammation and
neoplastic changes in the mucosa. In addition, increased
carcinogen production has been associated with intestinal
anaerobic bacteria, as well as the conversion of primary
bile acids to secondary bile salts, and these effects can
contribute to the development of colon cancer [47]. Thus,
intestinal microbiota appear to contribute to the develop-
ment of CRC by inducing chronic inflammation and
generating reactive metabolites and carcinogens [39]
(Fig. 1).

The role of inflammation caused by an intestinal
microbiota infection in the development of colorectal
cancer

Chronic inflammation is associated with malignancy and
has been proposed to be a contributing factor to a mul-
titude of cancers [48]. In work by Kostic and coworkers
[1], Fusobacterium sequences were found to be enriched
in colorectal carcinomas based on quantitative polymer-
ase chain reaction and a 16S rDNA sequence analysis
performed for 95 carcinoma/normal DNA pairs. Fusobac-
teria were also visualized within colorectal tumors using
fluorescence in situ hybridization. Based on these results,
the Fusobacterium species may be associated with IBD,
including both ulcerative colitis (UC) and Crohn’s dis-
ease. Furthermore, IBD is a known risk factor for CRC
[49]. The link between inflammation and cancer was first
suggested by Rudolf Virchow in 1863 when he noted the
presence of leukocytes in neoplastic tissues. He hypoth-
esized that this infiltrate mirrored the origin of cancer at
sites with chronic inflammation [50]. Similarly, the con-
cept that bacterial infection could promote tumorigenesis
was first proposed in the late nineteenth century follow-
ing the pioneering work of Robert Koch and Louis
Pasteur that discovered bacteria at tumor sites [51]. Ev-
idence for the involvement of microbiota in the induction
of chronic colonic inflammation is growing, and it has

Fig. 1 An overview of the factors that contribute to colon cancer
pathogenesis. Interactions between the microbiome, the immune bal-
ance of the colonic mucosa, and CECs, in addition to the genetics of
CECs, are proposed to collectively contribute to the pathogenesis of
colon cancer. In addition, a dynamic relationship exists among the GI
microbiota, the intake and metabolism of food, and intestinal cells. For
example, both the numbers and types of microbes and dietary factors
can influence colon cancer risk and tumor behavior
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become clear that chronic inflammation can profoundly
alter local immune responses. For example, chronic in-
flammation can induce the release of reactive oxygen
species and nitric oxide, which in turn can induce DNA
damage and alter tissue homeostasis (Fig. 2). Conse-
quently, it is hypothesized that a complex relationship
exists between bacterial infection, inflammation, and tu-
morigenesis, and these interactions remain to be clarified.
Moreover, cytokines and chemokines produced during
inflammation can also act as tumor growth and survival
factors and may induce tumor development by promoting
angiogenesis and suppressing immune-mediated tumor
elimination. Cancer-promoting cytokines include TNF-α,
IL-6, and IL-1 among others, while mediators of inflam-
mation also include TNF-α and IL-1, as well as IL-8,
nitric oxide, prostaglandin-2 derivatives, and molecules of
inflammatory pathway signaling. Both sets of factors
have been shown to be involved in the progressive
interplay that exists between immune cells and cells of
a tissue undergoing transformation. Moreover, IL-10 and
TGF-β have been shown to inhibit the incidence of CRC
[52]. For example, Joshua et al. [53] demonstrated that
conventionalized IL-10−/− mice exposed to the procarci-
nogenic compound, azoxymethane (AOM), developed
spontaneous colitis and colorectal carcinomas, while
AOM wild-type (WT) mice remained colitis-free and
only developed low-grade dysplasia. Thus, the mecha-
nisms by which bacterial agents may induce colonic
carcinogenesis may include chronic inflammation and
modulation of the immune reaction.

Several experimental models have been used to study the
individual and collective roles of microorganisms during the
development of inflammation and CRC. The normal micro-
flora present in the gut is known to produce and release
toxins which can bind specific cell surface receptors and
affect intracellular signal transduction [54]. For example,
although enterotoxigenic Bacteroides fragilis (ETBF) can
asymptomatically colonize in humans, it can also secrete a
B. fragilis toxin (BFT) which can cause human inflamma-
tory diarrhea. Furthermore, this 20-kDa zinc-dependent met-
alloproteinase toxin has been shown to bind to colonic
epithelial cells (CECs) and to stimulate cleavage of the
tumor suppressor protein, E-cadherin [55] (Fig. 3). Addi-
tional mechanistic studies have identified that loss of
membrane-associated E-cadherin in HT29/C1 cells triggers
the nuclear localization of β-catenin, which then binds with
T cell factor-dependent transcriptional activators to induce
expression of c-Myc and cyclin D1. As a result, persistent
cell proliferation is observed [56]. Activation of β-catenin
signaling via mutations present in adenomatous polyposis
coli complex proteins has also been found to contribute to
the development of inherited and sporadic forms of CRC.
Using multiple intestinal neoplasia (MIN) mice, Wu et al.
[57] demonstrated that mice chronically colonized with
ETBF developed colitis and colonic tumors. Although the
exact mechanism by which bacteria affect the development
of intestinal inflammation and cancer is not fully character-
ized, we hypothesize that the triggering of innate sensors,
which are responsible for microbial detection, play an im-
portant role.

Fig. 2 Intestinal microbiota promotes inflammation and carcinogene-
sis in the colon. Interactions between pattern recognition receptors
(PRRs) and toll-like receptors (TLRs) with bacterial-associated molec-
ular patterns trigger downstream signaling pathways that lead to the
expression of various inflammatory mediators. Signaling from these

mediators amplifies inflammation and promotes carcinogenesis in the
colon. An additional consideration is the microbial enzymes of the
metabolome that convert latent dietary procarcinogens into their bio-
logically active forms and elicit neoplastic changes
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The role of innate sensors in the development of colorectal
cancer

The types and levels of activation of the various innate
sensors can influence the gene expression pathways, as well
as the level of inflammation. The consequences of these
changes on DNA damage and chromatin alterations, which
when combined with host genetic factors, can lead to tu-
morigenesis. Intestinal microbiota can elicit the cooperation
of both innate and adaptive immune systems to protect a
host and to maintain intestinal homeostasis [51, 58]. The
innate immune system of a host has also been shown to play
a role in regulating carcinogenesis. This regulation partly
depends on specific pattern recognition receptors (PRRs)
(Table 1), which are transmembrane or intracytoplasmic

receptors that specifically recognize and bind highly con-
served microbial signature molecules called pathogen-
associated molecular patterns (PAMPs). These include lipo-
polysaccharide, flagellin, peptidoglycans, and formylated
peptides among others.

PRRs are the most studied innate sensors relating to
colitis and CRC and include the family of Toll-like receptors
(TLRs). These receptors scan the extracellular space, while
Nod-like receptors (NLRs) monitor the intracellular cyto-
plasmic compartment [7, 11]. TLRs were first described in
Drosophila and are necessary for a host’s defense against
Gram-positive bacteria. A similar system exists in plants
where NLRs serve as the primary microbial sensors for plant
immunity. Signaling pathways stimulated by PRRs are high-
ly conserved. In the gut, the activation of PRRs initiates

Fig. 3 Inflammation-based initiation of colon carcinogenesis. STAT3/
TH17 signaling provides a link between inflammation and carcinogen-
esis. When an innate signal triggers the inflammatory response, colo-
nization and signaling downstream of NF-κB is activated. Production
of proinflammatory cytokines such as IL-1β, TNF-α, and IL-6 are also
induced. ETBF colonization of CECs is accompanied by the produc-
tion of BFT, which triggers the cleavage of E-cadherin and induces
complex signal transduction in CECs involving the β-catenin/Wnt
pathway. As a result, c-Myc is produced and CECs undergo prolifera-
tion and release cytokines/chemokines including IL-8 and TGFβ. Para-
crine/autocrine expression of IL-6 and STAT3 activation may play
central roles in promoting tumorigenesis via their pro-proliferative,
antiapoptotic, and/or proangiogenesis properties. IL-6 secretion and

STAT3 activation in epithelial and immune cells also contribute to
diverting local T cell differentiation from a homeostatic regulatory
pathway (T-reg) regulated by TGF-β to a Th17 proinflammatory
response sustained by the production of key cytokines such as IL-23.
IL-17 recruits polymorphonuclear leukocytes (PN) and may promote
CEC proliferation through IL-6-dependent activation of STAT3. The
respiratory burst originating from the antibacterial activity of PN is
known to induce DNA damage and genetic instability, which can also
initiate oncogenesis. Chronic asymptomatic ETBF colonization is pro-
posed to result in a persistent Th17 inflammatory colonic response,
which promotes CRC genesis, at least in part, through the actions of
STAT3 and IL-6
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regulatory pathways including mitogen-activated protein
kinase and nuclear factor κB (NF-κB)/Rel pathways, as well
as caspase-dependent signaling cascades involving the
inflammasome. To mediate interactions between gut micro-
biota and epithelial cells, a dynamic system is needed, and
this is hypothesized to include NLRs and TLRs. Using a
mouse model of colitis-associated cancer (CAC) induced
with an injection of AOM or by repeated exposure to dex-
tran sulfate sodium (DSS), Chen et al. [59] demonstrated
that a greater number of tumors were established in Nod1-
deficient mice than in WT mice. In addition, ApcMIN/+-

Nod−/− mice, which harbor a mutation in Apc and are also
deficient in Nod1, developed a greater number of tumors as
well. Based on these results, it appears that the Nod1 path-
way enhances the tumor-promoting effect of attenuated Wnt
signaling, which has been shown to play a critical role in
colon tumorigenesis. Depletion of gut microbiota using
antibiotic treatment has also been shown to suppress tumor
development in Nod1-deficient mouse models.

TLRs belong to the TLR/interleukin-1 receptor (IL-1R)
superfamily, and stimulation of TLRs by PAMPs can lead to
the activation of NF-κB and the transcription of inflammatory
cytokines and chemokine genes. However, it remains unclear
how NF-κB-induced inflammation drives carcinogenesis. IL-
6 induces the procarcinogenic signal transducer and activator
of transcription (STAT3) pathway and also transcriptionally
activates genes involved in cancer growth. Specifically, IL-6
activates proliferative, antiapoptotic, and proangiogenic genes
such as c-IAP-1 and c-IAP-2, Fas ligand, c-Myc, p53, and
cyclin D1. Accordingly, IL-6 is hypothesized to have a pivotal
role in NF-κB-induced inflammation [60]. In addition, the
single immunoglobulin IL-1 receptor-related molecule
(SIGIRR), a negative regulator of Toll–IL-1R signaling, plays
a critical role in gut homeostasis, intestinal inflammation, and

colitis-associated tumorigenesis by maintaining the microbial
tolerance of the colonic epithelium [61]. In human colonic
samples, SIGIRR has been found to be expressed mainly in
intraepidermal carcinomas and is expressed at significantly
higher levels in inactive mucosa versus active mucosa [62]. In
addition, colonic SIGIRR expression in mice has been ob-
served to decrease rapidly following colitis development and
then gradually return to basal levels [63]. It has been hypoth-
esized that SIGIRR exerts its inhibitory effects by blocking the
molecular interface of TLR4, TLR7, and the MyD88 adaptor
mainly via its BB loop region [64]. Moreover, the innate
adapter protein, MyD88, can prevent the development of
CAC by transmitting IL-18 receptor signaling [65]. In con-
trast, TLR4 was found to promote the development of CRC in
the AOM/DSS model [66]. TLR4 is expressed on CD4+ T
cells, and when triggered, the phenotype of CD4+ T cells and
their ability to provoke intestinal inflammation is affected.
Taken together, these data support a role for the innate im-
mune signaling pathways of the host in regulating
inflammation-mediated colon cancer development. They also
highlight the complex relationship that exists between micro-
biota, the inflammation response, and CRC in a host and
support a model where susceptibility to developing CRC is
modulated by microbiota and the repertoire of a host’s innate
sensors.

ETBF: a representative microbiota in the carcinogenesis
of colorectal cancer

Recently, deep sequencing technology has facilitated studies
of microbial composition at both healthy and diseased body
sites. Accordingly, Marchesi et al. [31] provide experimental
data to support a possible role for intestinal microorganisms in

Table 1 PPRs and their ligands
PRR Ligand Cellular location Microorganism

TLR1 Triacyl lipopeptides Surface membrane Bacteria and mycobacteria

TLR2 Lipoproteins, lipoteichoic, others Surface membrane Most bacteria (Gram-positive/
negative), mycobacteria

TLR3 Double-stranded RNA Endosome membrane Viruses

TLR4 Lipopolysaccharide Surface membrane Gram-negative bacteria

TLR5 Flagellin Surface membrane Flagellated bacteria

TLR6 Lipoproteins, lipoteichoic acid, Surface membrane Mycoplasma, Gram-positive
bacteria, fungi

TLR7 Single-stranded RNA Endosome membrane Viruses

TLR8 Single-stranded RNA Endosome membrane Viruses

TLR9 Unmethylated CpG-containing DNA Endosome membrane Bacteria and viruses

TLR10 Unknown Surface membrane Unknown

TLR11 Profilin-like ligands Surface membrane Protozoa

Nod1 γD-GMDP acid of peptidoglycan Cytoplasmic Gram-negative bacteria

Nod2 MDPs of peptidoglycan Cytoplasmic Most bacteria
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CRC. On the basis of these data, a bacterial counterpart of the
genetic driver–passenger model for CRC was developed [1,
31]. Briefly, bacterial drivers of CRC are defined as intestinal
bacteria with procarcinogenic features that may initiate CRC
development. In addition, the bacterial driver aspect of this
model is related to the “alpha-bug” hypothesis that was re-
cently proposed by Sears and colleagues [67]. This hypothesis
suggests that alpha-bugs (such as EBTF) are directly pro-
oncogenic and are capable of remodeling the mucosa immune
response and colonic bacterial communities to further pro-
mote CRC (Fig. 4). One mechanism for this process involves
the production of DNA-damaging compounds [68]. For ex-
ample, Enterococcus faecalis is able to produce extracellular
superoxide [69], and when this is converted to hydrogen
peroxide, it has the potential to cause DNA damage in CECs
[70, 71]. In addition, certain E. coli strains that harbor a
polyketide synthetase island, which encodes a genotoxin
called colibactin, can induce single-strand DNA breaks. Sub-
sequent activation of DNA damage-induced signaling path-
ways then increases the mutation rate of infected cells [72].

ETBF strains have also been implicated in CRC initiation
through the production of BFT (also known as fragilysin) [73,
74]. In addition to being directly genotoxic to CECs [75], this
metalloproteinase stimulates cleavage of the tumor suppressor
protein, E-cadherin, in intestinal epithelial cells [76]. The
cleavage of E-cadherin then increases the permeability of the
intestinal barrier and augments cell signaling via the β-
catenin/Wnt pathway, which is constitutively active in most
CRCs. Correspondingly, BFT is able to stimulate the prolifer-
ation and migration of human colon cancer cells in vitro [56].
The capacity for BFT to further activate the NF-κB pathway
and induce the secretion of proinflammatory cytokines by
CECs, combined with the observation that specific pools of
NF-κB foster the initiation and promotion of epithelial tumor-
igenesis, has led to the hypothesis that ETBF are proinflam-
matory, oncogenic colonic bacteria. This hypothesis is also
supported by a recent study conducted in Turkey which

suggests that ETBF colonization is more frequent in CRC
patients than in controls without CRC [74]. Furthermore, in
a mouse model of ETBF-induced colitis and carcinogenesis
[57], ETBF was found to enhance tumorigenesis by inducing
the infiltration of the lamina propria by IL-17-producing
CD4+ T cells (Th17) and γδ-T cells via STAT3 signaling
(which is absolutely required for Th17 cell differentiation).
This observation was made in both hyperplastic and adeno-
matous CECs, as well as in a subset of infiltrating immune
cells. The role of IL-17 in ETBF tumorigenesis has also been
demonstrated. For example, when ETBF-colonizedMINmice
were treated with IL-17 blocking antibodies alone or in com-
bination with antibodies targeting the receptor for IL-23 (the
major cytokine that maintains Th17 cells [77, 78]), a decrease
in the number of colonic tumors was observed. The role of IL-
17 in tumorigenesis is further supported by recent data that
show IL-17 can promote tumor growth in vitro and in vivo via
the production of IL-6 by IL-17 receptor-bearing tumor cell
lines [79]. Although the specific mechanism(s) involved have
yet to be fully defined, it has been proposed that BFT induces
a persistent TH17-type inflammatory response, and this may
induce colonic epithelium carcinogenesis. This increase in IL-
17 expression could also potentially activate STAT3 and IL-6,
which have central roles in CRC as described previously [80,
81]. Furthermore, IL-17 has been shown to recruit polymor-
phonuclear leukocytes, and while the respiratory bursts from
these cells are aimed at bacteria, they can also cause DNA
damage and genetic instability in human cells, thereby poten-
tially contributing to the initiation of CRC [80]. Overall, these
results demonstrate that STAT3-dependent and TH17-depen-
dent pathways have the potential to mediate inflammation-
induced cancer by ETBF, thereby providing new insight into
mechanisms relevant to human colon carcinogenesis.

Although definitive evidence is lacking, it is likely that
members of the family Enterobacteriaceae also use a CRC-
driving mechanism that is similar to the prolonged inflamma-
tory response induced by ETBF. This family includes Shigella,

Fig. 4 Model of colon cancer
induction by alpha-bugs. This
model uses data for ETBF as an
example of a putative alpha-
bug. Alpha-bugs are directly
pro-oncogenic and are also
capable of remodeling the
colonic bacterial community to
enhance and further promote an
induction of mucosal immune
responses and CEC changes
that result in colon cancer.
Additionally, alpha-bugs may
enhance carcinogenesis by
selectively “crowding out”
cancer-protective microbial
species
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Citrobacter, and Salmonella spp., and these, like ETBF, have
been initially recognized as etiological agents of human
diarrheal disease [82]. Accordingly, persistent low-grade
colonization with such organisms could increase an individ-
ual’s susceptibility to CRC by inducing an asymptomatic,
yet chronic, inflammatory response in the colonic mucosa
[34]. Importantly, both NF-κB [83] and STAT-3 [84] are
considered key mediators of inflammation-driven carcino-
genesis via their putative antiapoptotic and cell cycle activ-
ity in CECs and their promotion of procarcinogenic
mediators by immune cells. Therefore, we hypothesize that
the composition of an individual’s colonic microbiota, re-
peated GI insults associated with life (e.g., ~1–2 episodes
of diarrhea/person/year), and an individual’s proclivity to
respond with a Th17 colonic mucosal response (which is
likely to be dependent on genetics) determine an individu-
al’s risk for developing critical CEC mutations that define
colorectal carcinogenesis. Furthermore, ETBF is likely just
one example of a microbiota organism expressing an onco-
genic protease that can trigger a mucosa response that
contributes to a malignant transformation. Additional sup-
port for this hypothesis is provided by the observation that
polymorphisms in STAT-3 and the IL-23 receptor enhance
the risk for chronic IBDs, which are inextricably connected
with CRC risk.

The role of bacterial enzymes and metabolites
in the development of colorectal cancer

The enormous number and diversity of human gut micro-
biota is reflected in a large and varied metabolic capacity,
particularly in relation to xenobiotic biotransformation and
carcinogen synthesis and activation. Moreover, these effects
can have wide-ranging implications for the health of the host
[30]. Based on interactions of the microflora with the host at
both the local level and systemically, a broad range of
immunological, physiological, and metabolic effects can
be generated. Recently, a wide range of enzyme activities
capable of generating potentially carcinogenic metabolites
in the colon were proved to be associated with the gut
microflora. These include β-glucuronidase, β-glucosidase,
nitrate reductase, and nitroreductase enzymes [85, 86].
These enzymes are usually assayed in fecal suspensions
and appear to be present in many types of bacteria
[87–89]. They are also responsible for the conversion of
inactive compounds to active metabolites, although this may
involve adverse effects [90]. For example, bacterial trans-
formation of dietary components and other chemicals in the
intestinal lumen have been associated with the production of
carcinogenic agents. As such, this process may represent
another mechanism by which gut microbiota influence the
development of CRC. Of these enzymes, β-glucuronidase

and 7α-dehydroxylase have been the most extensively in-
vestigated as biomarkers of CRC risk

The metabolic activity of β-glucuronidase

Many carcinogenic compounds, as well as endogenously
produced compounds such as steroids, are metabolized in
the liver and then conjugated to glucuronic acid before
being excreted via the bile into the small intestine. In the
colon, bacteria β-glucuronidase hydrolyses the conjugates,
thereby releasing the parent compound or its activated he-
patic metabolite [4]. Metabolic epidemiological studies have
shown that populations at high risk for CRC have high
levels of fecal β-glucuronidase activity [88]. Furthermore,
fecal β-glucuronidase activity in colon cancer patients has
been found to be significantly higher than in healthy con-
trols [88]. In the case of carcinogens and mutagens, β-
glucuronidase activity in the colon may increase the likeli-
hood of tumor induction. For example, the colon carcino-
gen, dimethylhydrazine (DMH), is metabolized in the liver,
and small amounts of the procarcinogenic conjugate of the
activated metabolite, methylazoxymethanol (MAM), are ex-
creted in the bile. Hydrolysis of the conjugate by colonic
bacteria releases MAM into the colon. For germ-free ani-
mals that have been treated with DMH, fewer colon tumors
have been found to develop compared to conventional ani-
mals. In addition, when a β-glucuronidase inhibitor is ad-
ministered in combination with the carcinogen, AOM, a
significantly lower number of tumors in the rat colon were
observed. This result indicates that microflora-derived β-
glucuronidase plays an important role in the etiology of
colon cancer [91] (Fig. 2). Furthermore, the activity of β-
glucuronidase may be influenced by diet. For example,
high-risk diets for CRC have consistently been shown to
increase β-glucuronidase activity relative to low-risk diets
[92]. Conversely, consumption of various types of fiber,
including coffee fiber, resistant starch, and rice bran, have
been associated with a decrease in β-glucuronidase activity
in rats, with the extent of the effect dependent on the nature
of the fiber [93]. In human studies, consumption of wheat
bran, oat bran, and wholemeal rye have reduced β-
glucuronidase activity [94]. A decrease in β-glucuronidase
activity has also been associated with the use of B. longum
as a dietary supplement in rats and humans. These results
suggest that diet can influence the metabolic activity of
certain types of intestinal microflora [95].

Bile acids and 7α-dehydroxylase

Bile acid consists of a number of related amphiphilic acidic
steroids. Primary bile acids including chenodeoxycholic
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acid and cholic acid, which are synthesized from cholesterol
in the liver, are then conjugated with taurine or glycine and
released into the bile to solubilize fats and cholesterol for
uptake in the small intestine. Intestinal microbiota play an
important role in the metabolism of bile acids, predominant-
ly involving the process of 7α-dehydroxylation, whereby
cholic is converted to deoxycholic acid (DCA) and cheno-
deoxycholic is converted to lithocholic acid (LCA). This
conversion increases the hydrophilicity of these secondary
bile acids [96].

In an animal model, infusion of DCA was found to
damage the mucosa of the intestinal tract, thereby inducing
cell renewal. This was accompanied by an increase in cell
proliferation, a process which may be a key mechanism in
the effect of bile acids on colon carcinogenesis [48] (Fig. 5).
Secondary bile acids have also been shown to induce DNA
damage in colon cells, leading to apoptosis. DCA-induced
DNA damage also triggers calcium ion-dependent apoptosis
independent of p53 [97]. Moreover, the capacity for DCA to
enhance colon tumor development in a rat model was shown
be attenuated by all-trans retinoic acid [98]. Secondary bile
acids may also influence CRC by supporting apoptosis-
resistant cells or by mediating interactions with important
secondary messenger signaling systems known to be acti-
vated in CRC [99].

In a number of observational studies involving patients
with adenomas or CRC, a correlation between fecal bile acid
(FBA) concentrations and CRC risk has been observed
[100]. For example, high fecal DCA concentrations and a
high DCA-to-LCA ratio have been associated with an in-
creased CRC risk [47]. However, not all studies have con-
firmed this relationship between bile acids and CRC risk
[101]. For example, in epidemiological studies, concentra-
tions of secondary bile acids were found to be higher in
populations with a high risk for CRC. In addition, case–
control studies demonstrated that 7α-dehydroxylase activity
was higher in cases than in controls [91]. Based on our
experience, high fat intake is another factor which correlates

with CRC risk and increases FBA concentrations, while
consumption of wheat bran reduces FBA concentrations.
Furthermore, dietary manipulation resulting in a rise in co-
lonic bile acid concentration has been shown to result in an
increase in mucosa proliferation [102, 103]. Bile acids can
disrupt the integrity of the cell membrane of colonic mucosal
cells, leading to increased mucosa proliferation. Therefore, it
has been hypothesized that hyperproliferation is induced by
the cytotoxic potential of bile acids, and bile acids can
directly stimulate or inhibit proliferation (Fig. 6). For exam-
ple, bile salts can release prostaglandin E2 (PGE2) from
colonic tissues, and the proliferative activity of CECs is
suppressed by PGE2. Furthermore, bile salts can also en-
hance the release of arachidonate from colonocytes, which
subsequently enhances the synthesis of PGE2 [104]. With
secondary bile acids comprising over 80 % of FBAs and
being able exert a range of biological and metabolic effects
including cell necrosis, hyperplasia, tumor-promoting activ-
ity in the colon, induction of proliferation, DNA damage,
and apoptosis [91, 105], it is predicted that the microbiota, as
well as other factors, that modulate the levels and composi-
tion of bile acid play an important role in the etiology of
colon cancer.

Genotoxicity of reactive oxygen intermediates

As mentioned earlier, bacteria have been linked to cancer
via the induction of chronic inflammation following a bac-
terial infection and also by the production of toxic bacterial
metabolites [106]. Bacteria can also bind potential muta-
gens, thereby reducing exposure of the host [107]. Animal
studies have also shown that members of the commensal
microbiota can produce metabolites that are potent direct-
acting mutagens [108].

One such category of metabolites includes reactive oxy-
gen intermediates (ROI). These molecules can generate ox-
idative DNA damage, and their numbers increase during
chronic inflammation. Accumulating evidence also supports
a role for ROI in the development of CRC, since ROI have
been implicated in a wide range of cancers [109] (Fig. 5).
ROI are derivatives of molecular oxygen and commonly
include superoxides, hydrogen peroxide, hypochlorous acid,
singlet oxygen, and hydroxyl radicals. They are produced in
all cells during normal metabolism processes and can react
with lipids and proteins to generate intermediates that react
with DNA [110, 111]. However, independently, they can also
cause alterations in DNAwhich include base modifications,
deoxyribose damage, and breakage in DNA strands. These
effects, coupled with a relatively slow and often incomplete
repair process, can lead to chromosomal instability as a result
of mutations, deletions, sister chromatid exchanges, and
chromosomal translocations.

Fig. 5 Overview of the factors that derive from alterations in the
microbial balance of the gut and contribute to CRC. ROI can cause
DNA damage, and their numbers are higher during chronic inflamma-
tion and CRC, as observed in the fecal matrix. In addition, hydropho-
bic bile acids have been shown to promote colorectal carcinogenesis by
inducing micronuclei formation, mitotic perturbations, and decreases
in spindle checkpoint proteins
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In a study by Huycke and colleagues, commensal E.
faecalis was found to produce extracellular superoxide and
hydrogen peroxide, and these molecules led to damage of
CEC DNA both in vitro and in vivo [69]. For example,
DNA damage was detected in the colon of rats colonized
by either WT E. faecalis or a strain with attenuated extra-
cellular superoxide production. Significantly more DNA
damage was associated with the latter. Other studies have
shown that this bacterium is capable of inducing IBD,
dysplasia, and adenocarcinoma in IL-10 knockout mice,
with an absence of pathology observed in germ-free mice
[42]. Based on these experimental results, we hypothesize
that ROI play an important role in the development of CRC
by inducing damage to the DNA of epithelial cells of the
colon during inflammation.

N-nitroso compounds

Nitrate, when ingested via diet and/or drinking water, is
readily converted to nitrite, a more reactive and toxic prod-
uct, by the nitrate reductase activity of the intestinal micro-
flora. Nitrite is then available to react with nitrogenous
compounds such as amines, amides, and methylureas in
the body to produce NOC, many of which are highly carci-
nogenic, DNA-alkylating agents [112]. This reaction can
occur in the acidic conditions that are prevalent in the
human stomach or can be catalyzed at neutral pH by gut
bacteria in the colon [113, 114]. The term, NOC, covers a
wide range of compounds including N-nitrosamines, N-
nitrosamides, N-nitrosoguanidines, and N-nitrosoureas, the
majority of which are highly carcinogenic. Bacterial N-
nitrosation can be analyzed using a method that determines
apparent total NOC (ATNC) in feces and several biological

fluids [4]. Such an approach has been used to demonstrate
that N-nitrosation in the large intestine of rats is dependent
on the presence of gut microflora. Although the mechanism
responsible for bacterial N-nitrosation remains unknown,
concentrations of ATNC have been found to positively
correlate with intestinal transit time and to inversely corre-
late with fecal output. In addition, the ATNC excretion in
fecal output increases with consumption of red meat, which
has been associated with an elevated CRC risk in epidemi-
ological studies.

Promotion of gastrointestinal health with probiotics

An individual’s diet can markedly influence the resident
flora of the intestine. Accordingly, the use of diet to strate-
gically alter the gut flora is a largely unexplored method to
improve digestive and GI health. Probiotics represent an
additional dietary consideration that has the potential to
favorably alter the intestinal microbiota in order to prevent
and treat GI diseases. Probiotic bacteria are often consumed
in foods such as yogurts and cheese, in food supplements, or
as drugs. Probiotics have been shown to favorably influence
the development and stability of the intestinal microbiota,
inhibit the colonization of pathogens, influence the mucosal
barrier by trophic effects on the intestinal epithelium, protect
against physiological stress, and stimulate both specific and
nonspecific components of the immune system.

The term, probiotics, has been used for several decades
and, in 2001, was defined as live microorganisms which
confer a health benefit to the host when administered in
adequate amounts [7]. Species of probiotics that are current-
ly in use or under evaluation include Lactobacillus rhamno-
sus, Lactobacillus reuteri, L. acidophilus, Lactobacillus

Fig. 6 Role of diet and metabolites on colon carcinogenesis. Physio-
logical considerations of ingesting meat, fiber lactulose, and calcium.
The two main pathways that affect GI mucosa cells are meat-related
mutagens and secondary bile acids. Mechanisms associated with the

former remain to be determined. However, mechanisms associated
with secondary bile acids can induce the formation of reactive oxygen
and nitrogen species. This can lead to oxidative DNA damage and an
increased risk of colon cancer associated with mutant cells
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bulgaricus, Bifidobacterium infantis, Saccharomyces bou-
lardii, Enterococcus faecium, the Nissle strain of E. coli, and
Clostridium butyricum. Lactic acid bacteria and bifidobacte-
ria are the most common types of microbes used as probiotics,
while certain yeasts and bacilli may also be beneficial. In
addition, probiotic microorganisms do not act exclusively in
the large intestine to affect the intestinal flora. Probiotics can
also affect other organs, either by modulating immunological
parameters, intestinal permeability, and bacterial translocation
or by providing bioactive metabolites, binding mutagens, and
reducing inflammation [115, 116]. Other mechanisms by
which probiotics positively affect the gut microbiota and liver
health include an inhibition of intestinal bacterial enzymes,
competition for limited nutrients, inhibition of bacteria muco-
sa adherence, and inhibition of epithelial cell invasion. At the
molecular level, these activities can involve macrophage acti-
vation, a blocking of cytochrome P450, a reduction in carcin-
ogen generation, downregulation of Ras-p21 expression,
promotion of cell differentiation, inhibition of COX-2 upre-
gulation, inhibition of nitric oxide synthase, an increase in
short-chain fatty acid production, and a reduction in intestinal
pH due to a reduction in the number of putrefactive bacteria
[115, 117]. Probiotics can also meditate the delivery of anti-
inflammatory mediators to downregulate proinflammatory
cytokines, including INF-γ and TNF-α, via the NF-κB
pathway.

Currently, a number of studies using a variety of probiotic
strains have been conducted to determine the extent to which
probiotics colonize and affect the GI tract. These studies have
been reviewed by Cothesy et al. [118] and revealed that
ingested strains do not become established members of the
normal microbiota. Rather, probiotics may persist only during
periods of dosing or for relatively short periods afterwards.
Despite this, the effects of probiotic treatments in relation to
cell proliferation and tumorigenesis have been observed. For
example, Orlando et al. [119] found that administration of
LactobacillusGG induced a significant reduction in polyamine
biosynthesis in both HGC-27 and DLD-1 cancer cell lines,
thereby inducing an antiproliferative effect that was observed
after 24 h. The antiproliferative capacity of probiotics may also
relate to their ability to adhere to cells. Lee et al. [120] observed
Bacillus polyfermenticus SCD to be strongly adherent to Caco-
2 cells, and this probiotic was able to inhibit the growth of colon
cancer cells in a dose-dependent manner. Kim et al. [121] also
assessed the anticancer activity and bacterial enzyme inhibition
ofBifidobacterium adolescentis SPM0212. This strain was able
to inhibit the proliferation of three human colon cancer cell
lines: HT-29, SW480, and Caco-2, and mediated a dose-
dependent inhibition of TNF-α production that affected cell
morphology. In addition, this particular bacterial strain was
found to inhibit harmful fecal enzymes, including β-
glucuronidase, β-glucosidase, tryptophanase, and urease. Fur-
thermore, with daily oral administration of microencapsulated

L. acidophilus, significant suppression of colon tumor inci-
dence, tumor multiplicity, and reduced tumor size were ob-
served [7]. More recently, enhanced apoptosis of carcinogen-
damaged cells in rat colon was observed following the admin-
istration of both L. acidophilus and Bifidobacterium lactiswith
a resistant starch diet [122]. In contrast, the absence of a
protective response was noted when a low resistant starch diet
was consumed in the presence or absence of these two pro-
biotics [123]. In rats treated with probiotics, fewer G1 intra-
epithelial neoplasias were observed, with the neoplasia present
exhibiting a lower grade of dysplasia [7].

To date, well-controlled clinical studies to clearly docu-
ment the therapeutic or preventive effects of probiotics in
various diseases are scare. Even so, the therapeutic or preven-
tive effects of certain probiotics have been documented in the
therapy of pouchitis, traveler’s, and antibiotic-associated diar-
rhea, irritable bowel syndrome, and rotavirus enteritis [124].
In addition, consumption of probiotics by UC patients was
found to prevent flare-ups and suppress the activation of
NF-κB. Moreover, lower levels of TNF-α and IL-1β were
detected, concomitant with an increase in IL-10 [12]. Addi-
tional clinical trials are needed to examine and verify the anti-
inflammatory effects of probiotics in regulating systemic in-
flammation and local mucosa inflammation, as well as the
ability of probiotics to regulate or correct immune-mediated
diseases such as allergies and autoimmune diseases [12].
Optimization of dose and treatment period is also needed.
However, probiotic treatments are expected to vary depending
on the diversity of an individual’s microbiota, their genetic
background, and the plasticity of their microbiota in response
to diet. Nevertheless, based on data obtained from animal
models, probiotics have been shown to mediate both local
and systemic effects, to provide an inhibitory effect against
pathogens, to optimize digestive processes, as well as to
provide immunostimulative and antitumor activities.

Conclusion

It is becoming increasingly evident that microbiota in the large
intestine play a key role in the etiology of CRC. Specifically,
the presence of certain types of bacteria, as well as microbially
generated metabolites, has been associated with the risk and
development of CRC. With the details of these host–bacterial
interactions becoming more apparent, the role of innate and
adaptive immune responses is also being appreciated. In par-
ticular, the contribution of an inflammation state to the path-
ogenesis of CRC has been observed. Therefore, additional
mechanistic studies are needed to further characterize the
signaling pathways among intestinal bacteria, diet, and the
immune system as it relates to the onset of CRC. In particular,
the observation that probiotics can inhibit the inflammation
process by enhancing the host immune response, by altering
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bacterial phylotypes in the colon, and by impacting the
gut metabolome is of particular interest, especially since
the administration of probiotics may provide a rational
and standardized approach for the prevention and treat-
ment of human CRC.
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