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ABSTRACT

Background. Colorectal cancer represents an important disease as one of the major causes of death worldwide.
Although a lot of genetic and epigenetic research has been conducted, all the pieces of the puzzle of colorectal cancer
carcinogenesis have not yet been identified. New recent data has highlighted that gut microbiota could have an influence
on colorectal carcinogenesis. Gut microbiota represents the microbe population living in the human intestine and contains
tens of trillions of microorganisms.

Material and methods. A systematic search in Medline and PubMed for studies reporting the influence of gut micro-
biota and inflammation on patients with colorectal cancer was made.

Results. In this review we discuss many of the specific bacteria, as well as their metabolites which may have an
important role in development of colorectal cancer. Furthermore, we emphasize the molecular mechanisms modulated
by gut microbiota, which promote inflammation, toxic metabolites, DNA damaging and pro-carcinogenic compounds,
as support for colorectal carcinogenesis. The interrelation between microbiota and inflammation is complex because
bacteria and inflammation could mutually impact upon each other. In this context, both endogenous and exogenous
miRNAs may have an important role to modulate tumor-related inflammation in colorectal cancer.

Conclusions. Better understanding of the role of gut microbiota in colorectal carcinogenesis could provide promising
new directions to improve both prevention and treatment of colorectal cancer. Moreover, the discovery of novel biomar-
kers in the gut microbiome in order to detect colorectal cancer in an early stage or even in a precancerous stage is of
outmost importance.

Colorectal cancer (CRC) represents third common
malignancy and one of the considerable causes of
death [1-3]. The etiology of CRC is multifactorial
and has been correlated with diet, genetic alterations,
inflammatory processes, and recently with gut micro-
biota. Epidemiological data indicate that inflamma-
tion plays a significant role in the development and
progression of CRC. Maintenance of healthy of
intestinal epithelia is critical to provide optimal nutri-
ent absorption, as well as an efficient immune bar-
rier. The balance between intestinal microbiota,
intestinal epithelium and host immune system is

decisive for normal functionality of the intestinal
cells. Therefore, changes in any of these three factors
may influence the functionality of the intestinal epi-
thelium [4]. Structural alterations of gut microbiota
have been shown to follow the gradual development
of CRC. Different events, such as infection, diet,
stress, inflammation may influence microbial compo-
sition, determining the formation of a dysbiotic
microbiota, with direct influence on colon health
state. Increasing evidence [5-7] indicates that the col-
lective activities of the resident gut microbiota, par-
ticularly their metabolic products, strongly influence
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protection against, and predisposition to, the devel-
opment of CRC. In this review we discuss recent
studies that illustrate the role of gut microbiota,
recent assumptions on the mechanisms involved in
the bacteria-mediated carcinogenesis and the role of
inflammation in CRC development.

Human intestinal microbiota and its influence
for colorectal cancer development

Gut microbiota represents the name given today to
the trillions of microorganisms living in human intes-
tine, covering at least 1000 different species of known
bacteria with more than 3 million genes [8]. The for-
mation of gut microbiota begins after birth when the
newborn’s digestive system is populated by microor-
ganisms from the mother, the location in which
the birth takes place and other factors. From the
third day, the composition of the microbiota is b
ased on how the infant is fed: gut microbiota of
breastfed babies’ is mainly dominated by Bifidobac-
terium, whereas Enterococci prevail in formula-fed
infants [9]. It has been suggested that Firmicutes and
Bacteroidetes account for more than 90% of the
known phylotypes of the human gut, while Pro-
teobacteria, Verrucomicrobia, Fusobacteria, Acti-
nobacteria, Spirochaetes and Lentisphaerae are
present in a proportion of less than 1% and up to
15% [10-12]. Moreover, it seems that gut microbiota
in children from rural Africa and Europe has consid-
erable variation in microbial structure probably a
result of different diet habits. The principal differ-
ence was that rural Africa children had a significant
enrichment in Bacteroidetes and reduction in Fir-
micutes compared to European children [11,13].
The benefits of the body in relation to gut micro-
biota are related to extraction of the energy from the
fermentation of undigested carbohydrates and from
the absorption of short-chain fatty acids. Butyrate is
the most important of these fatty acids being metabo-
lized by the colonic epithelium and is the favorite
energy source of colonocytes [14]. The most impor-
tant bacteria producing this fatty acid are Faecalibac-
terium prausnitzii, which belongs to the Clostridium
leptum cluster, and Eubacterium rectale/Roseburia spp.,
which belong to the Clostridium coccoides [15]. In
healthy colonocytes, butyrate hampers apoptosis and
further mucosal atrophy [16]. In contradiction, in
CRC cells, butyrate has been proved to stimulate dif-
ferentiation, impede cell proliferation, lead to apopto-
sis and inhibit angiogenesis [17,18]. Furthermore,
butyrate protects human colon cells from DNA dam-
age [19]. Besides butyrate, gut microbiota is also
implicated in the constitution of another category of
beneficial fatty acids, such as conjugated linoleic acids,
having anti-inflammatory and cancer protective prop-

erties [20]. Intestinal bacteria also play a role in syn-
thesizing vitamin B and vitamin K, as well as
metabolizing bile acids, sterols and xenobiotics [14].
Other recognized functions of gut microbiota include
the assistance for colonization resistance versus incom-
ing enteropathogens; the mechanisms involved in this
process include: prevention the growth of pathogenic
species by competing for nutrition and attachment
sites to the epithelium of the colon [21,22], inhibition
of pathogen growth through acetate production [23]
and promotion of the early development of the gut’s
mucosal immune system [24,25].

The composition of gut microbiota evolves
throughout human life, from birth to old age, and is
modulated, temporarily or permanently, by many
factors such as dietary components, environment,
age, stress, treatment (medical or surgical) and dis-
ease [26]. Antibiotic-based therapy represents one of
the most important factors with the effect on the
composition of the microbiota. This therapy can
cause diarrhea which generally is associated with
altered intestinal microbiota resulting in entero-
pathogens overgrowth, loss of mucosal integrity and
altered metabolism of vitamins and minerals [27,28].
Gut microbiota’s balance can be influenced over the
ageing process and, hence, the elderly have signifi-
cantly different microbiota than younger adults.
Aging can influence the gut microbiota structure
through age-related physiological processes implicat-
ing systemic and local inflammation, and inducing
changes in dietary habits and lifestyle [29]. The age-
related growing drug intake and the interaction
between various medications can also be listed among
the potential factors that run changes in the gut
microbiota [30]. Enck et al. [31] pointed out that
some individual bacterial species (Escherichia coli,
Enterococci spp.) significantly increased with age, oth-
ers declined with aging (Bacteroides spp.), or were
stable along the life duration (Lactrobacilli).

In one of the previous studies exploring gut micro-
biota was highlighted that people can be classified
into one of three prevalent variants or “enterotypes”
according to the abundance of predominant genera
which are Bacteroides, Prevotella and Ruminococcus
[32]. However, there is a lack of consensus on the
analytical basis for enterotypes in the literature [33].
The generality of enterotypes across populations, and
the existence of similar cluster types for other body
sites, remains to be evaluated. Wu et al. [34] showed
that there is a connection between the proportion of
each bacterial type and dietary constituents; it seems
that Bacteroides enterotypes are related to amino acids,
animal proteins and saturated fats, constituents
typical to Western diet, while Prevotella is connected
to carbohydrates and simple sugars, suggesting an
interconnection with a carbohydrate-based diet more



common of rural societies. Nevertheless, people
whose microbiota are mainly Bacteroides and com-
mute their dietary patterns to a diet based on high
proportions of carbohydrates, will acquire a Prevotella
enterotype in the long term [34]. Substantial changes
in the composition of fecal microbiota are also detect-
able in a few days after the carbohydrate intake, such
as the increasing of Firmicutes and Actinobacteria
[35,36]. Numerous studies indicate that fruit, vege-
table and a high-fiber intake, particularly of cereals
and whole grains, is associated with a decreased risk
of CRC [37-39]. However, diets that are rich in red
and processed meat, fat and alcohol are associated
with an increased risk of CRC [40,41]. The animal-
based diet causes higher numbers of Bacteroidetes
and Bilophila wadsworthia, whereas the number of sev-
eral members of the Firmicutes (Roseburia, E. rectale
and Ruminococcus bromii) are decreasing [35]. These
findings yield evidence that higher dietary intakes of
animal products may modify gut microbiota and con-
sequently play an important role in carcinogenesis.

Overweight/obesity and other metabolic disor-
ders (hyperglycemia, hyperinsulinemia, dyslipidemia,
and type 2 diabetes) were found to be important risk
factors for CRC [42,43]. A lot of studies have showed
the association between an alteration of the domi-
nant phylotypes of bacteria in the gut and body
weight [44-46]. Turnbaugh et al. [47] used genetic
sequencing to recognize the various strains of bacte-
ria in the gut of obese persons and compared them
with lean volunteers; they observed that obese people
had more Firmicutes and almost 90% less Bacteroi-
detes than the lean people.

Specific strains of bacteria, such as Streprococcus
bovis, Clostridia, Bacteriodes and Helicobacter pylori
have been involved in the pathogenesis of cancer
[48-50]. The best known connection is the one
between S. bovis bacteremia and CRC, recognized by
McCoy and Mason in 1951 when they first reported
a case of endocarditis, probable from S. bovis, associ-
ated with a cecum carcinoma. Ever since, the connec-
tion between S. bovis septicemia and CRC has been
certified by various other case reports and case-
control studies [51-53]. Furthermore, an importantly
higher fecal portage of S. bovis has been reported in
patients with CRC as compared with control subjects
[48]. Likewise, CRC microbiota is enriched in pro-
inflammatory opportunistic pathogens, such as Fuso-
bacterium, Enterococcaceae and Campylobacter [54—56],
and depleted in microbial strains strategic to preserve
the intestinal homeostasis, such as Bifidobacterium
longum [23,57]. Interestingly, probiotic bacteria like
Lacrobacillus and Bifidobacterium have anticarcino-
genic effects by inactivating microbial enzymes which
are important for pro-carcinogen activation [58].
For example, L. casei and L. acidophilus can decrease
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the activity of B-glucuronidase, azoreductase, and
nitroreductase [59]. In addition, other Lactobacillus
and Bifidobacterium can inhibit DNA damage and
tumorigenesis induced by N-methyl-N’-nitro-N-
nitrosoguanidine (MNNG), 1,2-dimethylhydrazine
(DMH), azoxymethane (AOM) and heterocyclic
amines [60—62]. This balance of activation and detox-
ification suggests that microbial community structure
play a significant role in the initiating step of carcino-
genesis.

The relationship between the gut microbiota and
CRC opens new approaches about cancer preven-
tion. Therefore, a favorable modulation of the gut
microbiota structure might represent an important
strategy to reduce the risk of CRC development. At
the present time, there are high quality experimental
studies that yield the scientific evidences for the clin-
ical use of probiotic in the prevention of CRC. Apas
et al. [63] reported that the probiotic supplement
was able to modify microbiota structure by reducing
enterobacteria like Salmonella/Shigella and increasing
lactic acid bacteria and Bifidobacteria, which are the
most common types of microbes used as probiotics.
In the same study, the probiotics consumption was
associated with a 10-fold reduction of fecal putrescine
and a diminution of 60% mutagen fecal concentra-
tion, indicating the protective role of the probiotics.
Furthermore, Matsumoto et al. [64] showed that the
consumption of Bifidobacterium lacns LKM512
yogurt reduces gut mutagenicity by increasing gut
polyamine contents in healthy adult subjects.

Mechanisms of colorectal cancer modulated
by gut microbiota

Gut microbiota may promote CRC genesis and
progression by different mechanisms, such as the
induction of a chronic inflammatory state, the pro-
duction of toxic metabolites, DNA damaging and the
transformation of dietary heterocyclic amines to pro-
carcinogenic compounds.

The role of chronic inflammation in CRC
progression

Inflammatory bowel diseases (IBD) are a major risk
factor for the development of colon cancer, by a mech-
anism called in literature colitis-associated cancer
(CAC). The increase prevalence of CAC in IBD
patients is influenced by disease severity and duration,
and by efficacy of anti-inflammatory therapies [65—67].
It seems that IBD are induced and preserved by divers’
microorganisms and frequently involves signs of global
dysbiosis, according to changes in the number, diver-
sity and stability of microbiota. Increasing evidence
shows that dysbiosis induces the production of geno-
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toxins and metabolites associated with tumorigenesis
and produces disorder of the immune response which
promotes and maintains inflammation in IBD leading
to CRC [68]. Microorganisms frequently found in
IBD patients include different species of E. colz, species
of Chlamydia, Mycobacterium, Clostridia, Candida, as
well as Proteus mirabilis, Klebsiella pneuwmonia and diverse
Proteobateria, including Helicobacter [69,70]. However,
normal colonic components, such as Firmicutes and
Bacteroidetes decrease in IBD [71]. In addition,
Machiels et al. [72] reported a reduction in Roseburia
hominis and F prausnitzii, both well known butyrate
producing bacteria, and this has been linked to disease
severity. All these findings suggest that different bacte-
rial species contribute to the pathogenesis of IBD. IBD,
the fundamental condition of CAC development, is
associated with enhanced activation of transcription
factor NF-xB, which is an important regulator of
inflammatory processes [73]. Whereas NF-kB in myel-
oid cells controls the expression of different inflamma-
tory cytokines and its suppression can improve IBD
development [74], it has been hinted that NF-xB
dependent cytokines are key agents which signal from
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inflammatory cells to tumor cells in microenvironment
[75,76]. Some of these tumor promoting cytokines,
such as tumor necrosis factor alpha (TNF-«) and IL-1,
have the capacity to activate NF-kB in malignant or
epithelial cells, consequently completing the connec-
tion between immune and epithelial NF-«xB activation
(Figure 1). Furthermore, it has been demonstrated
that elevated NF-kB signaling can stimulate mutations
in the Wnt pathway, determining the transformation of
epithelial non-stem cells into malignant initiating cells
[77]. In CAC, mutations that affect the Wnt/b-catenin
pathway occur in later stages of the disease, following
mutations in the 7P53 and K-Ras genes [78]. Another
mediator of CAC tumorigenesis is represented by tran-
scriptional factor STAT?3 [75]. Grivennikov et al. [75]
demonstrated that specific STAT?3 ablation in intesti-
nal epithelial cells interferes with tumor formation and
tumor growth in a mouse model of CAC. Activation
of STAT?3 increases tumor cell proliferation, survival
and invasion and has dual role in tumor inflammation
and immunity by promoting pro-oncogenic inflamma-
tory pathways, including NF«xB, IL-6-gpl30-Janus
kinases (JAK) pathways (Figure 1) [79]. Numerous
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Figure 1. Constitutive activation of pro-oncogenic inflammatory pathways including STAT3, NF-kB and B-catenin by proinflamatory
factors such as IL-6, TNF-a, IL-1A and IL1-B. IL-6 activates via tyrosine kinases and cytokine receptors as JAK1 and JAK2 the STAT3,
which after dimerization translocate to the nucleus, to directly activate genes involved in inflammation, immunosupression or cell
proliferation. TNF-a and IL-1A modulate via TRAF6 and TRAF2 the IkB -NF-kB complex. IKB is released then from IkB —-NF-kB
complex by phosphorylation and NF-kB translocate to the nucleus where activate specific set of genes involved in carcinogenesis. B-catenin
can be activated by IL-1B proinflammatory factor via COX2. Moreover, the expression of STAT 3 and NF-kB can be together or separately

modulated by specific miRNAs.
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Table I. Tumor-promoting cytokines implicated in colorectal carcinogenesis.

Tumor-promoting cytokines Mechanism involved in carcinogenesis References

1L-6 Activation of STAT?3 Grivennikov et al. (2009) [67]
Changing the expression of miRNAs Ma et al. (2011) [119]

IL-1 Activation of NF-xB Wang et al. (2009) [70]

IL-1B COX-2 activation Kaler et al. (2009) [75]

Activation of Wnt signaling
Activation of NF-kB
Changing the expression of miRNAs

Schwitalla et al. (2013) [69]
Wang et al. (2009) [68]
Ma et al. (2011) [119]

TNF-a Activation of NF-xB Wang et al. (2009) [68]
Inducing DNA damage Schwitalla et al. (2013) [69]
Changing the expression of miRNAs Murata et al. (2012) [74]
Ma et al. (2011) [119]
1L.-23 Regulate expression of tumor-promoting Grivennikov et al. (2012) [73]

cytokines, such as IL.-6

inflammatory cytokines can stimulate STAT?3 in epi-
thelial cells, and one of them is IL-6 (Table I). IL-6 is
a complex cytokine which plays a major role in IBD
development, both in mouse models and in human
patients, and its inhibition has been shown efficient to
ameliorate IBD [80].

Some of other cancer promoting cytokines include
IL-23 and IL-1B. For instance, Grivennikov et al.
[81] showed that IL.-23 signaling promotes tumor
growth and progression. IL.-23 is mainly generated
by tumor-associated myeloid cells that are probably
stimulated by microbial products, which infiltrate the
tumors but not the adjacent tissue. In chronic inflam-
mation, proinflammatory cytokines, such as TNF-a,
can induce DNA damage through reactive oxygen
species (ROS) and nitrogen species, which leads to
tumor initiation [82]. IL-1B is involved in COX-2
activation and activates the Wnt cell cycle pathway,
the primary pathway of colon cell proliferation [83].
In contradiction, IL-10 and transforming growth fac-
tor beta (TGF-B) inhibit carcinogenesis. IL-10 inhib-
its NF-«B signaling and thus, it can down regulate
proinflammatory cytokine expression and act as an
antitumor cytokine [84]. TGF-f is a powerful pleio-
tropic cytokine with immune suppressing and anti-
inflammatory properties, inhibiting cell cycle
progression and promoting apoptosis [85].

The biosynthesis of bacterial toxins and the
production of toxic metabolites

Bacterial toxins have a high capacity to produce
CRC. B. fragilis toxin is an enterotoxin produced by
members of the genus Bacteroides which induces pro-
liferation of the colon epithelial cells by activation of
the oncogene ¢-MYC [86] and production of IL.-8 in
colon epithelial cells [87,88]. IL-8 is a member of
the neutrophil-specific CXC subfamily of chemok-
ines who can act not only on leukocyte chemotaxis,

inflammatory responses and infectious diseases, but
also on endothelial cells via their receptors to induce
migration, invasion, proliferation and in vivo angio-
genesis [89]. Toprak et al. [90], by investigating the
prevalence of B. fragilis toxin in stool samples from
73 CRC patients and 59 controls reported the
enterotoxin gene in 38% of the samples from CRC
patients compared with 12% of the samples from the
control group. The capacity of the B. fragilis toxin
producing strains to contribute to colon carcinogen-
esis is moderated by the enhanced expression of tran-
scriptional factor STAT3 [91]. B. fragilis toxin is a
metalloprotease that attaches to colonic epithelial
cells and stimulates the cleavage of E-cadherin, aug-
menting intestinal barrier permeability and stimulat-
ing cell signaling via the [B-catenin/Wnt pathway,
which is activated in CRC [86,91].

Recent studies demonstrated that active toxins
found in tumor tissue from CRC patients besides B.
Fragilis toxin are those derived from E. coli which is
the main aero-anaerobic Gram-negative species of the
normal intestinal flora and takes part in supporting
the stability of the luminal microbial flora and in
maintaining normal intestinal homeostasis. Various
studies of CRC patients in the UK and Germany
pointed out that mucosa-associated E. coli are more
often detected in colon tissue from patients with ade-
nocarcinomas than in that of controls [92,93]. Fur-
thermore, Maddocks et al. [94] showed that the
colonic mucosa of patients with adenomas and carci-
nomas has revealed an increased intracellular mucosal
portage of E. coli compared to healthy controls. Coli-
bactin is a potent bacterial genotoxin produced by
particular pathogenic and commensal strains of E. coli
who determine the DNA damage of gut epithelial cells
both in vitro and in vivo, probably influencing the
development and progression of CRC [95,96].The E.
coli cytotoxic necrotizing factor 1 (CNF1) activates
the Rho GTPases, causing dysfunctions in already
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changed epithelial cells, as apoptosis, the liberation of
proinflammatory cytokines, COX2 expression and
NF-xB activation [97]. Furthermore, CNF1 deter-
mines inactive cells to gain access to the cell cycle and
induce DNA synthesis, interferes with normal cytok-
ines, with the result in the generation of multinucle-
ated cells and in the initiation of aneuploidia [98]. All
these arguments are admissible that CNF1 has a role
in tumorigenesis [99]. Lately, Buc et al. [100] outlined
a high preponderance of genotoxin and cyclomodulin
producing mucosa-related E. coli strains in CRC
patients. Through E. coli virulence factors, various tox-
ins, such as cyclomodulins, are attracting attention
because they are genotoxic and/or modulate cellular
differentiation, apoptosis and proliferation [101].

The role of heterocyclic amines and of N-nitroso
compounds in CRC

The human diet is abundant in a multitude of het-
erocyclic amines (HCAg). A major source of these
compounds occurs in fish and red meat, which can
generate HCAg during cooking [102]. Epidemio-
logical studies have linked consumption of well done
meats with an enhanced risk of certain cancers,
including CRC [103]. The most important classes of
HCA consist of amino-imidazo-quinolines known
as IQ-type compounds and amino-imidazo-pyridines
as PhIP. Cooking methods that contribute to the
constitution of HCAs are believed to play a signifi-
cant role in CRC risk [104]. Secondary bile acids
(SBAs), recognized as cancer promoting components
could be a part of the problem; they are more hydro-
phobic and thus more potent at disrupting cell mem-
branes, which is likely to determine the production
of ROS via the activation of membrane-associated
proteins, such as NAD(P)H oxidases and phospho-
lipase A2 [105]. In high concentrations, SBAs are
cytotoxic, leading to oxidative DNA damage and cell
death [106]. In addition, SBAs could up-regulate
proinflammatory cytokines including NFxB and
could also induce changes of the gut microbiota
composition by endotoxin producing species [107].

High protein intake causes an increase in the fer-
mentation of diet-derived protein in the colon, as sug-
gested by the increase level of amino acid-derived
products [108,109]. A branch of bacteria, such as sev-
eral Bacteroides spp. and some Firmicutes, ferment
aromatic amino acids to produce potentially bioactive
products, including phenylacetic acid, phenols, indoles
and p-cresol [110]. Some nitrogenous products, espe-
cially N-nitroso compounds (NOC), have the poten-
tial to promote cancer [111]. NOC are constituted by
N-nitrosation of amines and amides, generated pri-
marily in the presence of a nitrosating component by
bacterial decarboxylation of amino acids [112]. Joosen

et al. [113] found 60 times higher concentration of
NOC in the fecal of volunteers receiving processed
red meat than in volunteers that followed a vegetarian
diet. Therefore, several arguments suggest that NOC
may be significant genotoxins. First of all, most NOC,
such as nitrosamines, nitrosamides, and nitrosoguani-
dines, can produce alkylating agents during metabo-
lism, and cause DNA damage. Jacoby et al. [114]
showed that N-methyl-N-nitrosurea perfused intrarec-
tally caused G-A transitions in K-ras in 30% of rat
with CRC. Likewise, nitrosated glycine compounds
reacted with DNA to yield promutagenic adducts
including O°%-methylguanine and OS-carboxymethyl-
guanine [115]. Furthermore, potassium diazoacetate,
a stable form of nitrosated glycine, was found to initi-
ate mutations in the p53 gene [116]. This supports
the hypotheses that NOC linked to glycine subscribes
to p53 mutations in humans, and that O%-carboxym-
ethylguanine adducts in exfoliated colorectal cells are
connected to CRC.

Polyamines are other molecules that are impli-
cated in CRC development. Polyamines are small
polycationic molecules found in almost all cells and
associated with a wide variety of essential physiolog-
ical functions, such as the maintenance of the struc-
tural integrity of membranes and nucleic acids, gene
regulation and translation [117]. The major
polyamines putrescine, spermidine and spermine are
produced from arginine in host tissues, but polyamine
synthesis also appears in gut bacteria [118]. High
levels of polyamines are toxic and are associated with
several diseases, including cancer, and oxidative
stress that results from polyamine catabolism is the
underlying mechanism of toxicity [119]. Several
pathogens, including Shigella flexneri, Streptococcus
pneumoniae, Salmonella enterica and H. pylori, utilize
polyamines to increase their virulence [117].
Ignatenko et al. [120] reported that polyamine export
is down-regulated by loss of wildtype APC and can
contribute to elevate colonic polyamines in APC-
dependent colon carcinogenesis.

Chronic inflammation can deeply alter local
immune response and cause the liberation of nitric
oxide (NO) and ROS that may induce DNA damage
and therefore alter tissue homeostasis [121]. ROS
can be produced by the gut microbiota or generated
by immune cells during inflammation. Huycke et al.
[122,123] demonstrated that Enterococcus faecalis
generates hydroxyl radicals in both in vitro and in
vivo studies. It seems that Lactobacilli and Bifidobac-
teria are able of producing high amounts of NO from
nitrite (NO,), and dietary addition of NO," could
expand NO production [124]. ROS are potent muta-
gens that lead to DNA breaks, point mutations, and
protein-DNA crosslinking and could influence chro-
mosomal instability and the risk of CRC [125,126].



The role of miRNAs as modulators of inflammation
in CRC

MicroRNA (miRNAs) are small (21-25 nucleotide)
non-coding RNAs (ncRNAs) that regulate the
translation and stability of their specific mRNA tar-
gets [127]. During the last decade, it has become
clear that aberrant expression of microRNAs is
related to the initiation and progression of CRC.
MiRNASs can act as tumor suppressors or oncogenes,
depending on the cellular environment in which they
are expressed. The expression of miRNAs is repro-
ducibly altered in CRC, their expression profiles
being associated with diagnosis, prognosis and ther-
apeutic outcome. Inflammation determines changes
in expression of miRNAs, primarily through the
actions of proinflammatory cytokines such as IL-1B,
IL-6 and TNF-o [128]. Numerous reports have
endorsed the role of miRNAs in the initiation and
progression of human cancer, as well as their role in
immune responses, inflammation, cell proliferation
and cell death which are known to be regulated by
NFxB [129]. Numerous miRNAs, such as miRNA-
155, miRNA-146a, miRNA-143, mi-RNA-301a,
miRNAs-17-92, mi-RNA-29b, mi-RNA-21 and
miRNA-181 regulate signaling pathways like JAK/
STAT, TLR/MyD88, NF-kB, and AKT, which are
important for the immune responses (Figure 1)
[130-133]. Forinstance, STAT3 and miRNA-181b-1
expression levels are positively correlated with colon
adenocarcinomas [133]. Recent data have shown
that in breast cancer the overexpression of miRNA-
181b-1 will lead to repression of tumor suppressor
gene promoting tumor survival and cell migration
through NF-xB activation [134].

As we mentioned above, the gut microbiota inter-
acts directly with the host through the production of
metabolites, peptides and other molecules. However,
how microbiota regulates miRNA expression and
therefore contributes to the maintenance of intestinal
homeostasis and to IBD pathogenesis is still largely
unknown. Endogenous miRNA may play a signifi-
cant role in ascertaining how microbiota-produced
signals are received by the host, and balance the line
between maintaining an effective barrier and pre-
venting inadequate inflammation response to micro-
biota. There are some studies that have been
highlighted the distinctive mechanisms by which
miRNAs are produced by components of the micro-
biota. In one of these studies, Hu et al. [135] identi-
fied an important growth regulatory role for colonic
epithelial miRNAs in mediating the effects of the
microbe-derived short chain fatty acid butyrate on
host gene expression. These data could suggest that
these miRNAs play a role in colonic carcinogenesis
and that their reduction by butyrate is an important
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mechanism of its anti-cancer effects. Another study
concerning the microbiota regulation by miRNAs
expression has been outlined by Xue et al. [136] who
demonstrated a link between the expression of miR-
10a and IL-12/IL-23p40, a significant molecule for
innate immune responses to commensal bacteria.
The better understanding of relationship between
microbiota and miRNAs relating to inflammation
in CRC still represent a great challenge.

The interrelation between microbiota and inflam-
mation, as notified, is complex because bacteria and
inflammation could mutually impact upon each
other. All of the examples illustrated above reveal the
variety of mechanisms through which microbial-
derived products interact with host and induce CRC.
Probably, the main mechanism linking intestinal
microbiota and CRC is represented by the appear-
ance of dysbiosis which induces the production of
various metabolites and determines disruptions of
the immune response which promotes inflammation
and lead to CRC.

Conclusions

There is growing evidence that microbiota contrib-
utes to colon tumorigenesis. Various bacteria have
been correlated with carcinogenesis in animal models
or linked with CRC in human studies. The identifica-
tion of bacteria-derived metabolites that can induce
and/or promote CRC development will be important
future discoveries that will tremendously influence
the prevention and the treatment of this disease. For
many years all efforts to treat cancer have focused on
the inhibition/destruction of tumor cells. Strategies to
modulate the host microbiota and the miRNAs-in-
duced inflammation could offer a complementary
perspective. Therefore, more longitudinal microbiota
surveys need to be performed, in order to resume the
gut microbiota changes over time and its impact on
the development of CRC. In the same context, the
anti-inflammatory therapy focused on the main regu-
lators of inflammatory responses, STAT3 and NFxB,
could be an additional tool in CRC therapy. In addi-
tion, because antibiotic treatment causes disturbance
of the microbiota, new therapeutic tools, including
probiotics, prebiotics and fecal microbiome trans-
plantation, could be safer and natural treatment

options to restore the dysbiosis.
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