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Abstract: The human organism coexists with its microbiota in a symbiotic relationship. These
polymicrobial communities are involved in many crucial functions, such as immunity, protection
against pathogens, and metabolism of dietary compounds, thus maintaining homeostasis. The
oral cavity and the colon, although distant anatomic regions, are both highly colonized by distinct
microbiotas. However, studies indicate that oral bacteria are able to disseminate into the colon. This
is mostly evident in conditions such as periodontitis, where specific bacteria, namely Fusobacterium
nucrelatum and Porphyromonas gingivalis project a pathogenic profile. In the colon these bacteria can
alter the composition of the residual microbiota, in the context of complex biofilms, resulting in
intestinal dysbiosis. This orally-driven disruption promotes aberrant immune and inflammatory
responses, eventually leading to colorectal cancer (CRC) tumorigenesis. Understanding the exact
mechanisms of these interactions will yield future opportunities regarding prevention and treatment
of CRC.
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1. Introduction

The human colon harbors a complex ecosystem of numerous microorganisms, including bacteria,
viruses, fungi, and protozoa, referred to as the intestinal microbiota. The composition of the
intestinal microbiota begins to shape since our embryonic life at birth and progressively acquires a
stable functioning form, being susceptible to environmental factors that could substantially alter its
structure [1,2]. The microbial genome contains consists of approximately 100 times more genes than
the human genome, enabling the commensal microbiome to metabolize compounds indigestible by
humans, coexisting in a synergistic relationship with the host [3]. However, under certain conditions
some microbes transform into opportunistic pathogens. Although the exact triggers of this interaction
are yet to be investigated, it is widely believed that the composition and function of the colonic
microbiota can be affected by several factors, such as epidemiology, immune response, diet, lifestyle,
alterations in the colonic microenvironment, such as the acquisition of new commensals, and drug
uptake, leading to disruption of host-microbiota homeostasis.

Colorectal cancer (CRC) is one the most frequent types of cancer in both men and women [4].
The majority of cases are due to sporadic cancers (85-95%) that could be influenced by various
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environmental factors, and only few cases are either hereditary or related to specific predisposing
diseases, such as patients with inflammatory bowel disease. Therefore, the composition and metabolism
of the colonic microbiota could play an essential role in CRC pathogenesis [5].

Evidence of colonization of CRC tissue samples by members of the oral microbiota generates a
hypothesis of their potential involvement in CRC tumorigenesis and various studies have revealed
the crucial role of microbiota in tumorigenesis. However, the complexity of the microbial interactions
and the symbiotic relationship with the host creates the need for further investigation regarding the
responsible underlying mechanisms. In this review, we summarize the properties of the oral microbiota
in association with intestinal dysbiosis and CRC carcinogenesis.

2. Oral Microbiota: An Overview

2.1. The Composition of the Oral Microbiota

The oral microbiota refers to the microbial communities of the human oral cavity [6]. The major
heterogeneity of the residual bacteria (over 700 different species), and the proximity to numerous
anatomic regions, characterize the oral microbiota as one of the most divergent and abundant
microbiomes of the human body, secondary to the colonic microbiota [7,8]. Defining the oral
microbiota’s composition is crucial in understanding its role in health and disease, since it constitutes a
major player in maintaining oral homeostasis [6].

The oral microbiota resides in every oral tissue, including hard (teeth) and soft (buccal mucosa,
tongue, soft and hard palate, gingiva) surfaces, as well as in their interfaces (supragingival and
subgingival margins). Furthermore, the microbiomes of the proximal anatomic regions of the pharynx
(nasopharynx, oropharynx, tonsils), the ear (middle ear, Eustachian tube) and the upper respiratory
passages (nasal cavity, paranasal sinuses, larynx, trachea), display great relevance with the oral
microbiota, in the context of similar bacterial composition [8]. The oral cavity and the associated
structures provide the ideal conditions for bacterial growth. This is mainly achieved through a
reasonably stable temperature (35-37 °C) and pH value (6.5-7.5) with minor fluctuations, providing an
ideal environment to most microbial species [8,9]. Moreover, the saliva and the gingival crevicular
fluid, constantly moisten these sites, thus hydrating the oral microbiota, promoting nutrient supply,
and facilitating the circulation of immune and microbial factors, including antibodies and adherence
molecules [8,9].

The members of the oral microbiota mainly coexist and thrive by forming complex polymicrobial
communities, the “biofilms”. In this symbiotic state of co-aggregation, the various bacterial species,
either aerobes or anaerobes, maintain the homeostasis of the oral ecosystem, being resistant to
environmental stimuli, creating a balance between pathogens and commensals, thus aiding their
survival [10]. The inter-communication of these species, developed as a result of their co-evolution,
assembles large structures known as dental plaque [11]. Any alteration in the above conditions caused
by either internal (e.g., genetics) or external (e.g., diet, toxicants, antibiotics) factors could enhance the
pathogenetic potential of the oral microbiota, furthering the progression of oral diseases.

The oral microbiota consists of Firmicutes (mainly Streptococcus), Bacteroidetes (mainly Prevotella),
and Proteobacteria, with Fusobacteria, Actinobacteria, and Haemophilus being the dominant phyla
as determined by the Human Microbiome Project conducted by the National Institute of Health
(NIH) [12,13]. Some bacterial species are more broadly distributed in the oral regions, such as
Fusobacterium, Gemmella, Veillonella, Streptococcus, and Granulicatella, whereas other species, including
Bacteroides, Pasteurella, Prevotella, Neisseria, and Corynebacterium inhabit specific oral regions [12]. For
example, the oropharyngeal microbiota includes unique species, such as Streptococcus pneumonia,
Streptococcus pyogenes, Haemophilus influenzae, and Haemophilus parainfluenzae. These species are
not detected in other oral sites, due to the construction of the oropharyngeal epithelium which is
characterized by goblet cells and a cilia coating, constituting a common respiratory and digestive
passage [14]. The oral sites containing the most diverse microbiomes are the supragingival or
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subgingival surfaces, and the saliva [12,13]. The former regions present the most stable conditions,
since they are rarely shed by the saliva or the tongue, enabling the formation of the dental plaques,
which are mostly composed by early colonizers such as Streptococcus and Actinomyces, as well as
later colonizers including Veillonella, Fusobacterium, Peptostreptococcus, and Porphyromonas species [15].
Regarding saliva, although it contains an unstable microbiota, displaying rapid alterations and poor
nutritional content, its high diversity is primarily owed by the shedding of the bacterial communities
from the various oral anatomic structures [16]. Nevertheless, the most densely populated niche in the
oral cavity is the tongue, which greatly affects the total oral microbiome, since it serves as a reservoir
from which the bacteria disseminate by the saliva flow, colonizing other sites of the oral cavity [17].

It is well known that the oral microbiota presents higher alpha-diversity compared to other sites,
such as the skin or vaginal microbiota, however, it displays the lowest beta-diversity than other body
sites. This actually pertains to fewer alterations in the oral microbiota composition between unrelated
subjects [12]. In addition, it is reported that these bacterial communities share great commonalities
among various individuals [18]. Such minor intra- and inter-subject differences imply that the members
of the oral microbiota could serve as possible biomarkers in malignancies, such as CRC.

2.2. Oral Microbiota Effects in Health and Disease

The mutual commensal oral microbiota plays a crucial role in promoting not only oral, but also
systemic health. Similarly, the commensal microbes in the gut microbiota are of major importance in
developing the gut epithelial barrier as well as stimulating the local and systemic immunity. Mucosal
IgA are not produced, and lymphoid follicles cannot be formed in the absence of microbiota [19]. The
physiologic status of the oral microbiota results in colonization resistance, preventing the growth of
pathogens, since the majority of available binding sites are already occupied by commensal bacteria [20].
Disruption of this balance, for example by administration of antibiotics, could elicit infections caused
by opportunistic pathogens, including Staphylococcus aureus and Candida spp. [21]. Another interesting
function of the oral microbiome is associated with nitrate metabolism. Through the entero-salivary
circulation, approximately 25% of ingested nitrate returns to the oral cavity, which is then metabolized
to nitrite by the oral microbiota. Subsequent uptake of the nitrite into the bloodstream through gastric
absorption results to its conversion to nitric oxide, a significant factor of vascular physiology, which
presents an anti-hypertensive action [22].

It is broadly known that the composition of the oral microbiota is changed in pathologic oral
conditions; however, whether these alterations occur prior to or after disease constitutes a debated
topic, which is yet to be answered. In periodontitis, for instance, microbes forming the biofilms
of supragingival dental plaques are able to spread into the gingival sulcus and further into the
periodontal pockets, mostly in susceptible individuals. The anaerobic environment of such tissues
facilitates the growth of pathogenic bacteria, such as Porphyromonas gingivalis, Treponema denticola
and Tannerella forsythia, inducing inflammatory responses [7]. A different microbial profile of the
gingiva and periodontium in these patients compared to healthy subjects is considered to be a possible
causative factor [15]. The importance of the oral microbiota in promoting oral disease became evident
through studies in germ-free mice, where the absence of microbiota inhibited the development of
periodontal disease [23]. Apart from oral diseases, the oral microbiota has also been implicated in
various extra-oral conditions. There is strong evidence of an association between oral microbiota
and rheumatoid arthritis [24]. More specifically, the detection of bacterial DNA in the synovial
fluid of such patients indicates a possible spreading of microbes from the periodontal site to the
synovium, and also periodontal therapy improved the prognosis of rheumatoid arthritis [25,26].
Individuals with periodontitis are more prone to develop cardiovascular disease [27]. This could
be either a direct result of colonization of atheromatous plaques by members of oral microbiota,
or an indirect effect of dental-plaque-associated induction of aberrant immunity and release of
cytokines and other mediators [28]. Moreover, oral bacteria have been implicated in ventilator-assisted
pneumonia, as well as in cystic fibrosis [29,30], and have been characterized to be causative agents
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of hepatic or brain abscesses [31] and endocarditis [32]. Periodontitis has been related to dementia
and other mentally impaired diseases [33]. Interestingly, oral bacteria P. gingivalis and Aggregatibacter
actinomycetemcomitans have been linked to the development of digestive cancers such as primary
pancreatic adenocarcinoma [34], with species like Fusobacterium nucleatum presenting great invasive
properties and a positive relationship with tumorigenesis.

3. The Concept of Intestinal Dysbiosis in Colorectal Cancer (CRC)

The human intestinal microbiota consists of over 1000 various bacterial species, mainly belonging
to Firmicutes and Bacteroidetes phyla, containing beneficial and pathogenic microbes. In healthy
subjects, the gut exists in homeostasis, a state that is maintained through a constant cross-talk between
the residual microbiota and the host as well as within the members of microbiota, thus preventing
the overgrowth of pathogens [35]. This interaction between the host and the microbiota is mutual.
The intestinal microbiota simulates an “organ”-like community, performing crucial functions for
our body, including biometabolism of bile acids, vitamin and amino acid synthesis, utilization of
dietary compounds, vitamin production, development of immunity, and supporting the integrity of
the intestinal barrier [36]. In return, the intestinal bacteria flourish in an environment full of energy
sources including proteins and carbohydrates. Recently, many studies focus on the role of intestinal
microbiota in the pathogenesis of CRC, by analyzing its composition and metabolome [37].

However, when alterations in the bacterial composition occur, this balance shifts in favor of
pathogens that are normally suppressed by beneficial members of the intestinal microbiota, which
leads to increased gut vulnerability to several pathogenic hazards, and unfavorable host effects. This
disturbance of the microbiota ecosystem is termed “dysbiosis” [38]. Dysbiosis can be furthered
distinguished into three separate categories, which often occur simultaneously: a) depletion of
commensal bacteria, b) overgrowth of opportunistic pathogens potentially harmful microorganisms,
and c) reduction in total microbiota diversity [39]. In fact, dysbiosis reflects the microbioal shifts in
microbiota composition, the dysmetabolism, and the altered bacterial distribution, which negatively
affect the equilibrium initiating tumorigenic phenomena [40]. Studies in animal and human models
reveal that dysbiosis is associated with various disorders such as obesity, diabetes, inflammatory
bowel disease, allergies, autism, colorectal adenomas and CRC [41]. Similarly, several oral disorders
including gingivitis, periodontitis, caries, tonsillitis, and oral cancer, in addition to the aforementioned
systemic diseases, are associated with dysbiosis of the oral microbiota [42].

The development of CRC was initially related to individual bacteria including Helicobacter pylori,
Streptococcus gallolyticus, and Escherichia coli [43]. Nevertheless, the idea of dysbiosis points towards the
involvement of numerous microbes in CRC. Many studies have analyzed and compared the intestinal
microbiota between CRC patients and tumor-free subjects utilizing next-generation sequencing (NGS)
technologies (e.g., 165 rRNA pyrosequencing analysis) in fecal samples [41,44]. Fecal sampling is
mostly preferred, since it represents the bacterial profile of the intestinal epithelium similarly to tissue
samples without the need for biopsy [45]. Current research demonstrates alterations of the intestinal
microbiota between healthy subjects and patients with adenomas or CRC, suggesting a continuous
shifting pattern of the microbiota during the disease progression [46]. Indeed, increased numbers of
Acinetobacter, Helicobacter, and Pseudomonas, with higher bacterial abundance have been reported in
patients with rectal adenomas compared to control subjects, implying a disruption of the intestinal
balance through microbial pathogenic mechanisms, such as the alteration of intestinal luminal pH
by Helicobacter [47]. In tissue samples from the intestinal mucosa of patients with CRC presented
decreased numbers of Blautia, Bifidobacterium, and Faecalibacterium and higher numbers of Fusobacterium,
Peptostreptococcus, Porphyromonas, and Mogibacterium spp. [41,44]. Diminution of Clostridium cluster
IV and XIV, opposite to proliferation of Anaerotruncus, Campylobacter, Collinsella, Enterococcaceae,
Erysipelotrichaceae, Fusobacterium, and Peptostreptococcus have been reported in fecal samples from
CRC patients compared to control subjects [41,44]. These findings implicate that the initiation of
the disease, in this case CRC, may be caused by modification of the balanced interaction between
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the host and the microbiome through the adoption of a pro-inflammatory profile by the intestinal
microbiota [37]. Indeed, the populations of beneficial species that aid in the preservation of intestinal
microbiota homeostasis by producing butyrate, including Bifidobacteria, Roseburia, and Faecalibacterium
prausnitzii are decreased in CRC [48]. Simultaneously, various opportunistic pathogens, able to induce
inflammatory or metabolic disorders, including Campylobacter, Enterococcaceae, Erysipelotrichaceae, and
Fusobacterium are increased in CRC patients [49]. Although the enriched bacterial species are specifically
localized to the tumor, the great similarities between the microbiota of the tumor area and the adjacent
tumor-free mucosa, in addition to the increase in bacterial genes related to virulence factors in the
tumor microenvironment, suggest that in dysbiosis the microbiota actively participates in the CRC
tumorigenesis via a systemic change which impacts the whole microbial community [50]. Nevertheless,
it should be noted that this causality is still based on hypotheses and is not easily proven by these
observational studies.

Despite the exposure of the dysbiotic profile of the intestinal microbiota in CRC, these studies do
not fully clarify the specific mechanisms that elicit the carcinogenic potential of the microbiota in CRC
progression; neither have they provided adequate evidence of whether the intestinal dysbiosis acts
causatively nor consequently in CRC pathogenesis. In order to further explore the role of microbiota in
the onset of CRC, a dynamic model of interaction between members of the microbiota, the “bacterial
driver—passenger” hypothesis, was proposed by Tjalsma et al. [51]. This model suggests that specific
bacterial species with pro-tumorigenic properties (drivers) trigger the CRC development by inducing
damage in the DNA of the intestinal epithelial cells. Subsequently, the disturbance in the intestinal
microenvironment leads to a diminution in beneficial bacteria and colonization of the mucosa by
opportunistic pathogens (passengers). Passenger bacteria are poor habitants of healthy gut, yet they
utilize nutrients and other factors, including reactive oxygen species, in the tumor microenvironment
presenting a competitive advantage, thus resulting in pro-inflammatory response and direct epithelial
damage. On the other hand, drivers apart from their role in DNA damage they also participate in
epithelium proliferation and apoptosis. The combined effects of drivers and passengers modulate the
dysbiosis of microbiota regarding CRC.

Intestinal dysbiosis not only is involved in the tumorigenesis but also determines the treatment
efficacy. The metabolic capacity of the colonic microbiota regarding anti-tumoral compounds, and its
ability to regulate host’s immunity and inflammatory response is linked to the therapeutic outcome [52].
These effects combined indicate the crucial involvement of host’s intestinal microbiota in modulating
the efficacy of chemotherapeutic and immunotherapeutic agents [53]. Regarding chemotherapy, the
dysbiotic intestinal microbiota as a result of antibiotic therapy reduces the tumor response to oxaliplatin
treatment, due to depletion of microbiota-derived reactive oxygen species (ROS) production and, thus,
reduction of tumoric cell apoptosis [54]. On the other hand, the introduction of probiotics (namely
Lactobacilli or Enterococci) restores the physiological composition of the intestinal microbiota and
stimulates the T helper 17 (Th17) immune response, thus improving the efficacy of cyclophosphamide
treatment [55,56]. With the current evidence suggesting a cross-talk between immunity and the tumor,
immunotherapy is highlighted as a promising type of cancer treatment, indicating the intestinal
microbiota as a novel target for therapy [57]. Indeed, it is reported that the integrity of the commensal
intestinal microbiota greatly affects the optimal responses to cancer immunotherapy via regulation
of myeloid-derived cell function in the tumor microenvironment [58]. It has been demonstrated that
immunotherapy with ipilimumab, an antibody against cytotoxic T-lymphocyte- associated antigen-4
(CTLA-4), disrupts the function of regulatory T-cells (Treg) and increases the abundance of Bacteroides
fragilis, thus improving the efficacy of this treatment [59]. Furthermore, Bifidobacterium stimulates the
activation of dendritic cells and optimizes the response to antibody treatment against programmed
cell death protein ligand 1 (PD-L1) [60]. Nevertheless, the above findings are based on mouse model
studies and human clinical trials will verify their validity for future clinical application. Further human
clinical trials will verify the validity of the above findings for future clinical application.
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4. Oral Bacteria and Intestinal Dysbiosis

Many studies indicate that members of the oral microbiota are involved in intestinal dysbiosis,
indirectly affecting the composition of the intestinal microbiota via dissemination into the gut. P.
gingivalis has been extensively associated with intestinal dysbiosis in view of periodontitis causing
systemic diseases, since it greatly influences the oral immunity and induces oral dysbiosis [61,62].

In a study by Arimatsu et al. [63], P. gingivalis was orally provided to C57BL/6N mice twice
a week for a total of 5 weeks. The administration resulted in endotoxemia, and diminished ileal
gene expression of tight junction proteins, such as Zonula Occludens-1 (ZO-1). Analysis using 165
rRNA pyrosequencing demonstrated an alteration in intestinal microbiota composition with increased
abundance of Bacteroidales (mainly Paraprevotella and Barnesiella). Although P. gingivalis belongs to
Bacteroidales order such bacterial-specific DNA was not detected in blood. Periodontitis and its related
microbiota could result in increased blood endotoxin levels, yet intestinal dysbiosis induced by gut
translocation of oral bacteria could be a causative factor.

In a former study by the same authors, C57BL/6N mice were orally administered with P. gingivalis
in a single dose [64]. The intestinal microbiota differed significantly from sham-treated mice, with
decreased Firmicutes and elevated Bacteroidetes phyla. At the genus level, unclassified S24-7 and
Prevotella increased, whereas Clostridiales decreased. Similar dysbiotic profile has been detected in
colitis [65]. Moreover, downreguation in gene expression of the intestinal tight-junction proteins Tjp1
and Ocln indicated disruption of the intestinal barrier, which was mainly attributed to endotoxemia.
Also, the presence of less than 0.01% of P. gingivalis in the fecal samples triggers its pathogenic potential
impairing the host-microbiota balance [66].

In another study by Sato et al. [67], the oral administration of P. gingivalis, and Prevotella intermedia
in DBA/1] mice with experimentally collagen-induced arthritis (CIA), led to endotoxemia, systemic
inflammation, disruption of intestinal barrier, and intestinal dysbiosis. However, these results were
specific for P. gingivalis, resulting in decreased abundance of Bacteroidetes (mainly Bacteroides and
Prevotella) as opposed to increased Firmicutes (Allobaculum). P. gingivalis also stimulated Th17 immune
response in Peyer’s patches and mesenteric lymph nodes and increased serum levels of interleukin
(IL)-17. Thus, the activation of gut intestinal immunity and dysbiosis led to aggravation of arthritis.

In order to test whether oral periodontopathic bacteria could interfere with host metabolism,
P. gingivalis W83 was administered orally in C57BL/6 mice twice weekly for a 5-week period [68].
Pyrosequencing analysis demonstrated altered intestinal microbiota composition, with increased
Ruminococcus and decreased Dorea species compared to sham-treated mice. Metabolomics revealed
enhanced biosynthesis of several amino acids, such as alanine, glutamine, histidine, tyrosine,
and phenylalanine. These findings were associated with the development of obesity and insulin
resistance [69].

Other members of the oral bacteria have also been reported to be involved in the development of
systemic diseases in association with intestinal dysbiosis. A study conducted in human subjects with
liver cirrhosis, a disease related to intestinal dysbiosis [70], demonstrated by using metagenomics and
gene catalogues that the majority (54%) of the patient-enriched, taxonomically assigned members of
intestinal microbiota originated from the oral cavity [71]. These bacteria (13 species in total) mainly
belonged to Veillonella and Streptococcus, followed by Fusobacterium, Aggregatibacter, and Megasphaera.
The authors suggested a massive invasion of the gut from oral commensals, with a positive correlation
of the populations of the invading bacteria with the disease severity. Bile dysmetabolism due to
cirrhosis could possibly impair the intestinal barrier, rendering the gut more sensitive to colonization
with extra-gut bacteria [72].

Since periodontitis has been related to chronic liver conditions such as non-alcoholic fatty liver
disease (NAFLD) [73], with the intestinal microbiota interfering in NAFLD pathogenesis [74], the
periodontopathogen A. actinomycetemcomitans was orally administered to C57BL/6] mice in either
normal chow (NCAa, NCco) or high-fat diet (HFAa, HFco) for a 6-week period [75]. The Aa groups
showed greater insulin resistance with less glucose tolerance compared to co groups, and both HF
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groups presented higher hepatic steatosis. Furthermore, the ingestion of A. actinomycetemcomitans
induced perturbations in intestinal microbiota, decreasing the abundance of Turicibacter. Since the
expression of inflammatory genes did not significantly differ between Aa and co groups, it was
proposed that the glucose metabolism was altered due to induction of an orally-driven intestinal
dysbiosis with diminution of butyrate-producing species [76].

Recently, Lourenco et al. [77] analyzed the intestinal microbiota in fecal samples from subjects
with oral diseases, being either gingivitis (n = 14) or chronic periodontitis (n = 23). The composition of
the intestinal microbiota demonstrated less alpha-diversity, with elevated abundance of Firmicutes,
Euryarcheota, Proteobacteria, and Verrucomicrobiota as well as decreased Bacteroidetes, compared to
healthy controls. The decrease in diversity was contrary to previous animal studies [63,64], indicating an
intestinal dysbiosis related to disease. Several oral pathogens were detected in the fecal samples from all
groups, including Dialister, Eubacterium, Filifactor, Fusobacterium, Parvimonas, Porphyromonas, Prevotella,
Tannerella, and Treponema. Furthermore, increased populations of oral taxa, such as Campylobacter rectus,
Dialister invisus, Filifactor alocis, Fusobacterium spp., Leptotrichia spp., Oribacterium spp., Porphyromonas
edodontalis, Parvimonas micra, Prevotella spp., Slenomonas spp., Tannerella spp., and Treponema spp.,
in the intestinal microbiota were associated with periodontal inflammation and loss of attachment.
How these oral pathobionts reached the intestinal mucosa, inducing dysbiosis and inflammation was
not examined.

The importance of periodontitis and related bacteria in the modulation of gut dysbiosis became
profound after periodontal therapy in patients with cirrhosis [78]. This led to improvement in
intestinal dysbiosis, with increased commensal bacteria (Ruminococcaceae and Lachnospiraceae) and
decreased opportunistic pathogens (Enterobacteriaceae) in addition to reduced taxa of oral origin
(Porphyromonadaceae and Streptococcaceae) in fecal samples in cirrhotic patients, especially in those
with hepatic encephalopathy. Systemic inflammatory markers, such as IL-6, IL-1§3, white blood cell
(WBC) count, and endotoxin levels were also reduced following periodontal therapy.

The above animal and human studies indicate that the colonic microbiota may be affected by
oral bacteria, such as P. gingivalis, leading to dysbiosis. In particular, long-term oral ingestion
of P. gingivalis, similarly to periodontitis, may influence intestinal dybiosis. Apart from P.
gingivalis, other periodontopathogens including A. actinomycetemcomitans, can also disseminate to
the colon. This oral-colon link may constitute another route for oral bacteria-mediated systemic
inflammatory responses.

5. Oral Bacteria Detected in CRC

Several studies have recently examined and validated the presence of various bacterial members
of the oral microbiota in gastrointestinal tumors, especially regarding CRC [79].

Nakatsu et al. [80] characterized the intestinal microbial communities in patients with adenoma,
CRC, or healthy individuals. Detection of abundant bacteria of oral origin, including Fusobacterium,
Gemella, Peptostreptococcus and Parvimonas indicated a dynamic symbiotic metacommunity presenting
a strong relationship with CRC tumorigenesis. Significant correlations of bacterial taxa in adenoma,
and co-exclusive relationships that persisted in CRC revealed that these oral bacteria were involved in
a dysbiotic state of intestinal microbiota, which probably occurred during the cancerous progression.

Subsequent studies in fecal samples from patients with colonic adenomas, also revealed elevated
numbers of oral genera, including Actinomyces, Corynebacterium, Haemophilus, Mogibacterium, and
Porphyromonas, compared to controls [81]. Increased abundance of periodontal pathogens such as
Fusobacterium, Oscillibacter, Peptostreptococcus, Porphyromonas, Roseburia, and Ruminococcus were also
observed in fecal samples from patients with CRC [45,82].

In an innovative study, Flemer et al. [83] analyzed the microbiota in oral swabs, fecal samples, and
colonic mucosa of patients with CRC, colonic polyps, or healthy individuals, using 16S rRNA gene
sequencing. They revealed that several strains were similar between oral swabs and fecal samples,
involving microbes that contribute to the formation of oral biofilms as late colonizers, including
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Fusobacterium nucleatum, Peptostreptococcus stomatitis, and Parvimonas micra. Although these species
were enhanced in CRC, they were also present in control subjects. The colonization of the colonic
mucosa by oral bacteria was negatively associated with increased populations of Lachnospiraceae,
such as Anaerostipes, Blautia and Roseburia, implying a beneficial role of such members in preventing
the development of CRC. This effect could be mediated through a healthy diet, since the richness of
the above protective bacteria was negatively associated with a Western-type diet which is known to
be connected to CRC carcinogenesis [83]. Thus the oral microbiota was distinctive and predictive,
suggesting a potential tool for CRC screening.

The predictive role of the oral microbiota in CRC pathogenesis was further supported by a large
retrospective study by Momen-Heravi et al. [84]. The authors detected that individuals with chronic
periodontitis, especially with severe tooth loss (<17 teeth), were high-risk for CRC development with
poorer prognosis. These findings were associated mostly with proximal tumors, compared to distal or
rectal, since polymicrobial communities are more associated with proximal sites of CRC [85].

The risk of developing CRC in relation to oral microbiota was recently investigated in a large cohort
study [86]. Analysis of mouth rinse samples via 16S rRNA gene sequencing demonstrated that oral
pathogenic taxa such as Treponema denticola, Bifidobacteriaceae, and Prevotella (P. denticola, P. intermedia,
P. oral taxon 300) were positively associated with increased risk of CRC, whereas Carnobacteriaceae,
Erysipelotrichaceae, Prevotella melaninogenica, Streptococcus, and Solobacterium indicated a reduced risk
for CRC development.

Regarding CRC, although many oral bacteria are involved, Fusobacterium nucleatum is a paramount
species that is regularly identified in fecal as well as in mucosal samples from CRC patients [49,87,88].
F. nucleatum is a well-known pro-inflammatory, invasive, anaerobic, oral pathogen, with evident
association with dental plaque and periodontitis as a late colonizer [89]. However, F. nucleatum usually
co-exists with other members of oral microbiota, such as Porphyromonas spp. (mainly P. asaccharolytica
and P. gingivalis) which consist some of the most typically increased taxa in CRC individuals [44,90,91]. It
is also well-established that F. nucleatum and P. gingivalis synergistically initiate oral tumorigenesis [91].

One of the earlier studies concerning the role of Fusobacteria in CRC, demonstrated enriched
sequences of Fusobacterium spp. (F nucleatum, F. mortiferum, and F. necrophorum) in CRC tissue
using quantitative polymerase chain reaction (PCR), 16S rDNA sequencing, and fluorescent in situ
hybridization (FISH) in CRC tissue, while bacteria belonging to Firmicutes and Bacteroidetes phyla
were decreased [87]. Castellarin et al. [49] speculated an overabundance of Fusobacterium (especially
F. nucleatum) in CRC tissue compared to controls, which was positively correlated with lymph node
metastasis. In another study, 165 rRNA gene sequencing in fecal samples revealed reduced overall
diversity of the intestinal microbiota, with elevated numbers of Fusobacterium spp. and Porphyromonas
spp. and reduced abundance of Clostridium spp., between fecal samples from CRC patients and
controls [90]. To investigate whether F. nucleatum could have a predictive or prognostic significance,
quantitative PCR was conducted in tissue and fecal samples from patients with CRC [88]. F. nucleatum
was over-represented in cancerous tissue compared to corresponding normal tissue. Interestingly,
longer overall survival time was observed in CRC patients with low levels of F. nucleatum than in
subjects with either moderate or high levels of this species. Similarly, in another study the prognostic
value of F. nucleatum was evaluated in tissue samples from 1102 CRC patients, where the detection
of F. nucleatum DNA was linked to poorer prognosis in CRC cases [92]. Thus, F. nucleatum could
possibly serve as a non-invasive biomarker for CRC screening. Since CRC is related to specific genetic
or epigenetic mutations alterations, Tahara et al. [93] hypothesized that Fusobacteria could associate
with molecular features of CRC. Quantitative PCR in tissue samples from CRC patients demonstrated
enrichment of Fusobacterium spp. compared to adjacent tumor-free tissue or healthy subjects. These
results were positively associated with CpG island methylator phenotype (CIMP) status, human
mutL homolog 1 (hMLH1) methylation, tumor protein 53 (TP53) wild type, chromodomain helicase
DNA binding protein (CHD)7/8 mutation, and microsatellite instability (MSI). These correlations of
Fusobacterium spp. with these molecular subsets support the pathogenic role of this bacterium in
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CRC development. Gao et al. [94], aimed to investigate the intestinal dysbiosis in CRC by comparing
data from 16S rRNA gene sequencing in tumor tissue and adjacent disease-free mucosa in CRC
samples from proximal or distal colonic sites. Fusobacterium and Lactococcus were increased, whereas
Escherichia-Shigella and Pseudomonas were reduced in tumor tissue compared to adjacent healthy tissue.
This could imply that impairment in the tumor microenvironment and the formation of more anaerobic
situations, facilitating the growth of opportunistic pathogens of oral origin such as Fusobacterium.
Additionally, enrichment of the oral species Prevotella in proximal CRC has been linked to enhanced
IL-17 producing cells in colonic mucosa of CRC patients [95]. Thus, oral pathogens thrive in intestinal
dysbiosis, dynamically interacting with other microbiota members, promoting CRC tumorigenesis.

Considering that the microbiota composition differs between proximal (cecum to transverse colon)
and distal (splenic flexure to sigmoid colon) colonic segments, Mima et al. [92] tested whether the
proportion of F. nucleatum follows a similar distribution pattern across colon. The populations of
F. nucleatum demonstrated a gradual enrichment from rectal (2%) to cecal (11%) highly-abundant
colonic tumors. These data were in accordance with previous studies that reported higher numbers
of F. nucleatum in proximally located CRC [96]. Notably, the cecum demonstrates the highest risk
of CRC occurrence per mucosal surface area [97], and cecal tumors show great prevalence of KRAS
mutations [98].

Since F. nucleatum is increased in CRC patients, some studies tried to implement this finding in
clinical practice, such as CRC screening and therapy. The overgrowth of F. nucleatum in CRC tissue
samples associated with KRAS mutation, tumor size and correlated with reduced overall survival
times, leading to the development of a DNA test, highly sensitive for this bacterium, for prognostic and
screening purposes in Japanese population [99]. It was also reported that F. nucleatum demonstrated
increased abundance in tissue samples from patients with recurrent CRC after chemotherapy [100]. It
became evident that F. nucleatum regulated a complex molecular network of signaling pathways of
innate immunity (toll-like receptor 4 and MyD88), specific micro-RNAs, and autophagy, modulating
chemoresistance of CRC. Thus, it was proposed that anti-bacterial therapy, exclusively targeting F.
nucleatum, could act synergistically with chemotherapy to improve clinical outcomes in CRC.

Another recent study by Komiya et al. [101], an analysis of F. nucleatum strains in tumor tissue and
saliva from patients with CRC, revealed great similarity of the bacterial composition between these
specimens, with almost 40% of patients presenting identical strains of F. nucleatum. This indicates that
F. nucleatum in the intestinal microbiota in CRC subjects originates from the oral cavity, supporting the
aforementioned studies and strengthening the hypothesis about an orally driven intestinal dysbiosis
in CRC.

The results of the above studies regarding the detection of oral bacteria in CRC are summarized
in Table 1.
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Table 1. Summary of various experimental studies regarding the presence of oral bacteria in colorectal cancer (CRC).

Oral Bacteria. Sampling/Size Methods Main Findings References
—Colonic mucosa/ control (n = 61), —Increased abundance of presented bacteria
Fusobacterium, Gemella, Peptostreptococcus ~ colonic adenoma-normal adjacent pair 16S rRNA gene in CRC Nakatsu et al.
and Parvimonas (n = 47), tumor tissue-normal adjacent sequencing —Mucosal microbiota demonstrates distinct 2015 [80]
pair (n = 52) changes across stages of CRC tumorigenesis.
Actlnomy ces, Cory neba;terlum, —TFeces/colonic adenoma patients (1 = 16S rRNA gene —Increased abundance of presented bacteria Hale et al. 2017
Haemophilus, Mogibacterium, and -~ . . .
233), control (n = 547) sequencing in colonic adenomas [81]
Porphyromonas
Fusobacterium, Oscillibacter, —Colom.c mucosa/tumor tissue (n = 16S rRNA gene —Increased abundance of presented bacteria Flemer et al.
Peptostreptococcus, Porphyromonas, 59), colonic adenoma (1 = 21), control ~ sequencing, real-time .
. : in CRC 2017 [45]
Roseburia, and Ruminococcus (n =56) qPCR
Fusobacterium nucleatum —Oral swabs, feces, colonic —Increased abundance of presented bacteria
e mucosa/CRC patients (1 = 99), colonic 16S rRNA gene in CRC Flemer et al.
Peptostreptococcus stomatitis, and . _ . . e g . e
. . adenoma patients (n = 32), sequencing —Oral microbiota is distinctive and predictive 2018 [83]
Parvimonas micra .
Controls (n = 103) in CRC
Treponema de:ggoll)u;e]z(l)ilecll; bacteriaceae, —The former group of bacteria was
Carnobacteriaceae. Ervsipelotrichaceae —Mouth rinse/CRC patients (n = 231), 16S rRNA gene associated with increased risk of CRC Yang et al. 2018
s BIVSIP ! Control (n = 462) sequencing —The latter group of bacteria was associated [86]

Prevotella melaninogenica, Streptococcus,
and Solobacterium
Fusobacterium spp. (F. nucleatum, F.
mortiferum, and F. necrophorum)

Fusobacterium (F. nucleatum)

Fusobacterium spp., Porphyromonas spp.

—Colonic mucosa/tumor tissue-normal
adjacent pair (1 = 95)

—Colonic mucosa/ tumor
tissue-matched normal tissue (1 = 99)

—Feces/CRC patients (n = 47), control
(n=94)

qPCR, 165 rRNA gene
sequencing, FISH

qPCR, 16S rRNA gene
sequencing

16S rRNA gene
sequencing

with reduced risk of CRC

—Bacteria belonging to Fusobacterium were
abundant in CRC
—Increased abundance of Fusobacterium in
CRC was positively associated with lymph
node metastasis
—Increased abundance of presented bacteria
in CRC patients
—Decreased abundance of Clostridium spp.
was simultaneously detected

Kostic et al.
2012 [87]

Castellarin et al.

2012 [49]

Ahn et al. 2013
[90]
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Table 1. Cont.

Oral Bacteria. Sampling/Size Methods Main Findings References
—Colonic mucosa/tumor
tlsi‘;ﬁ;ﬁ?;gjg;ﬁiﬁ; ttéiseljieég;nﬁz)’ —Patients with high levels of F. nucleatum
Fusobacterium nucleatum tissue (1 = 52) PCR presented a significantly shorter survival Flanagan et al.
— Feces/CRC patients_ (11 = 7), colonic 4 time that patients with low levels of 2014 [88]
adenoma patients (n = 24), controls this species
(n=125)
Fusobacterium s ggﬁﬁ:zlc ;E};ioei?t/ Elsrsr;oer (t:lsiuseg()n;r{ii)lr PCR —PFusobacterium enhancement is associated Tahara et al.
PP- ) (n=72) il 1 with specific molecular subsets of CRC 2014 [93]
—Increased abundance of presented bacteria
Fusobacterium spp. and Lactococcus s —Colonic mucosa/ tumor tissue 16S rRNA gene in CRC Gao et al. 2015
PP PP (n = 31), normal adjacent tissue (1 = 20) sequencing —Pseudomonas and Escherichia-Shigella were [94]
decreased
Fusobacterium nucleatum —Colonic mucosa/tumor tissue PCR —Increased abundance of this species in Mima et al.
(n=1102) 1 proximal CRC 2016 [92]
—Colonic mucosa/tumor tisste —Opverabundance of this species correlated Yamaoka et al
Fusobacterium nucleatum - Droplet digital PCR ~ with KRAS mutation, tumor size, and shorter ’
(n =100), normal tissue (n = 72) . . 2018 [99]
survival time
. —Colonic mucosa/tumor tissue HT RNA sequencing, —Fusob{zcterzum nucleatunm promotes Yu et al. 2017
Fusobacterium nucleatum . chemoresistance through modulation of
(n =296) real time qPCR [100]

Fusobacterium nucleatum

—Colonic mucosa, saliva/CRC patients
(n=14)

AP-PCR, 165 rRNA
gene sequencing

autophagy in CRC
—Similar strains of Fusobacterium nucleatum
are presented between oral cavity and colon
in CRC patients

Komiya et al.
2019 [101]

AP-PCR: arbitrarily primed polymerase chain reaction, CRC: colorectal cancer, HT: high-throughput, gPCR: quantitative PCR, FISH: fluorescent in situ hybridization.
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6. Possible Mechanisms of Oral Microbiota Involvement in CRC Dysbiosis

6.1. Dissemination of Oral Bacteria into the Intestinal Environment

The extensive detection of oral bacteria in the microbiotic profile of intestinal dysbiosis related
to CRC implies that colonization of the intestine by such microbes plays a key role in understanding
CRC pathogenesis. Segata et al. [102] in the Human Microbiome Project reported a significant overlap
between the fecal and oral microbiota, with almost 45% similarity in bacterial taxa. Thus, intestinal
colonization could be mediated through translocation of oral microbes. To further examine this
hypothesis, Li et al. [103] transplanted human saliva into germ-free mice developed a human oral
microbiota-associated (HOMA) mouse model, via transplantation of human saliva into gnotobiotic
mice. The majority of the oral genera widely distributed across the digestive tract of HOMA mice. In
the colon, bacteria belonging to Actinomyces, Fusobacterium, Haemophilus, Streptococcus, Trichococcus,
and Veillonella were especially abundant. Co-housing with human microbiota-associated (HMA) mice,
developed from fecal transplantation to gnotobiotic mice, led to significant ecological invasion of the
intestinal ecosystem by oral bacteria. This effect was prominent in the small intestine, with the genera
Empedobacter, Enterococcus, Moraxella, Porphyromonas, Streptococcus, and Trichococcus being dominant.
One important function of the intestinal microbiota is to defend the host against opportunistic
pathogens through competing behavior of commensal bacteria by expressing antimicrobial factors,
such as bacteriocins, and regulation of the mucosal immunity. These events lead to enhancement of the
mucosal barrier and reduction of pathogenic translocation and colonization [104]. Moreover, bacteria
of oral origin, including Actinobacteria, Fusobacteria, and Clostridia, among others, present the ability
to surpass this protective barrier and thrive in the germ-free colon [105]. Similarly the disruption of the
microbiotic and physical barrier resulted in the dissemination of oral bacteria across the cephalocaudal
digestive axis.

While the origin of the intestinal colonizers related to disease remains elusive, concerning its
endogenous (from the oral cavity) or exogenous (from the environment) acquirement, a study by
Atarashi et al. [106] demonstrated that Klebsiella strains, derived from salivary samples of patients
with inflammatory bowel disease, inducing intestinal Th1 inflammatory response in germ-free mice
following colonization of the colonic mucosa. This finding suggests that the ectopic intestinal
dissemination of oral bacteria constitutes a rare divergent event, and thus a hallmark of disease.
To further support the above statement, the microbiota of fecal samples from healthy and diseased
individuals was recently analyzed [107]. The results revealed an extensive transmission of the majority
of oral bacteria into the colon, with subsequent colonization, in healthy subjects. This event was more
profound in CRC patients, especially for previously described pathobionts [108], such as Parvimonas
micra, Peptostreptococcus stomatis, and F. nucleatum. This implies that the pathogenic species in the
intestinal microbiota that are associated with CRC are sourced endogenously, with the oral cavity
serving as a major reservoir in shaping the intestinal microbiota.

Although the precise detailed mechanisms of bacterial transfer from the oral cavity to the colon
are not clear, two possible routes have been described.

The first route of bacterial translocation that could possibly change the composition of the
colonic microbiota is through continuous swallowing of oral bacteria [64]. Swallowed saliva, ingested
food and fluids, shed the microbiota of the oral cavity or the oropharynx, providing a passage
to the gastrointestinal tract. The human production of saliva ranges from 0.75 to 1.5 L per day,
containing a vast amount of oral microbes. For instance, in chronic periodontitis, P. gingivalis a major
periodontopathic pathogen can be swallowed in amounts ranging between 103-10'° [109]. The oral
and intestinal microbiota remain relatively distinctive by several mechanisms, including bile acids
in the duodenum, and gastric acid [110,111]. Oral bacteria able to resist the harsh acidic gastric
environment could sustain their viability across this route [112]. This is a particular characteristic of P.
gingivalis, hence aiding its migration to the colon altering the composition and functional capacity of
the residual microbiota [67]. In addition to this, chronic exposure to proton pump inhibitors, could
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further enhance the intestinal colonization of oral bacteria, shifting the gastric pH towards a less acidic
value [113]. However, studies in germ-free mice reported that P. gingivalis was not isolated in fecal
samples, suggesting inefficiency in colonizing the colonic mucosa [114]. This fact applies to other oral
pathogens such as F. nucleatum, since quantitative PCR on tissue specimens from CRC patients showed
the detection of this bacterium in only 13% of cases [92]. The need for oral gavage of F. nucleatum on
a daily basis for initiation of tumorigenesis, and the relatively poor potential in colonizing healthy
colonic mucosa [105], indicates that oral bacteria are incorporated into the intestinal microbiota via
additional mechanisms. One possible factor could be the swallowing of dead bacterial components that
upregulate the expression of bacterial virulence factors and induce cytotoxic phenomena, a concept
known as “necrotrophy-necrovirulence”. In an in vitro study, a ratio of at least 10:1, regarding dead
to living bacterial cells, was correlated with significant growth of periodontal pathogens, especially
Porphyromonas spp. (P. gingivalis and P. intermedia) [115]. Upregulated gene expression related to
virulence factors, including gingipain genes rgpA, rgpB and kgp, as well as collagenase prtC and fimbriae
fimA genes reflected the above effects.

The second route of bacterial dissemination could be through spreading via bloodstream and
systemic circulation (bacteremia) to extra-oral sites, including the joints, the heart, and the colon. It
has been shown that oral microbiota can directly access bloodstream during usual dental activities,
including tooth brushing, removal or mastication [116]. Nevertheless, inflammatory conditions of the
oral cavity, namely periodontitis, may facilitate bacteremia, since during periodontitis the periodontal
vasculature is more dilated and proliferated as a result of chronic inflammation. F. nucleatum and P.
gingivalis are able to invade bloodstream through ulcerated gingival pockets [117]. A recent study
by Tsukasaki et al. [118] reported that experimentally-induced periodontitis resulted in translocation
of oral bacteria in the hepatic and splenic tissue of mice. Tooth extraction and amelioration of
gingivitis inhibited bacterial transfer, proposing that bacteremia was caused through impairment of
oral epithelial barrier. Host cells could also be utilized as “Trojan horse” for the bacterial spreading
through blood [117]. According to this, oral bacteria such as P. gingivalis can survive inside immune
cells, including dendritic cells or macrophages, subsequently disseminating to various body sites [119].

Another possibility is that the colonic inflammation and shifts in intestinal microbiota may be
prerequisites for the colonization by oral pathogens. More evidence is needed in order to describe the
routes of bacterial translocation of oral pathogens into the colon in detail.

6.2. The Role of Oral Polymicrobial Biofilms in CRC

One common characteristic of both oral and intestinal microbiota is their ability to form biofilms,
complex multimicrobial communities surrounded by a polymeric matrix, which facilitate their growth,
bypass the defensive mechanisms of the host, and promotes the colonization of mucosal surfaces via
adhesion mediated by various glycoproteins. Biofilms in oral diseases, such as periodontitis, are usually
developed in three stages [120]. The primary colonizers are Streptococcus spp. and Actinomyces spp.,
which reside in the subgingival surface, creating an anaerobic environment that is ideal for intermediate
colonizers such as F. nucleatum, attracting late colonizers like P. gingivalis, Tannerella forsythia, Treponema
denticola, and A. actinomycetemcomitans through expression of several adhesins [15,121].

The colonic environment could stimulate these conditions, indicating that oral microbes could
inhabit the colon in similar biofilm-like structures. Indeed, recent studies confirm the detection of
biofilms on colonic mucosa of CRC patients as well as healthy subjects, which also contain members
of the oral microbiota. Dejea et al. [85] demonstrated, with the use of FISH and 16S rRNA gene
sequencing analysis, the enhanced presence of F. nucleatum in biofilms deriving from adenoma and CRC
specimens. Interestingly, F. nucleatum was absent in healthy colonic tissue and all the isolated biofilms
were polymicrobial, with the matched biofilm-positive tumor and healthy tissue samples harboring
invasive bacteria. Thus, biofilms associated with CRC present similar structure and pathogenic
potential to those in oral diseases, possibly interacting with CRC tumorigenesis. Other studies
also reveal that intestinal biofilms contain commensal (Parvimonas, Peptostreptococcus, Prevotella) in
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addition to pathogenic (F. nucleatum, P. gingivalis) periodontal bacteria, which could result in CRC
development [122]. Warren et al. [123] observed the coexistence of oral anaerobic bacteria including
F. nucleatum, Campylobacter, and Leptotrichia in paired normal and CRC tissues. These species were
inter-correlated, forming a cooperative polymicrobial network in tumoric tissue with other species such
as P. gingivalis. Moreover, isolation of Campylobacter strains demonstrated the ability to coaggregate
with F. nucleatum, hence creating the hypothesis that the latter may serve as a bridging microorganism,
colonizing the intestinal mucosa by attracting other compatible oral bacteria. Recently, it was reported
that bacterial biofilms are typically presented in the majority of proximal (89%) compared to distal
(12%) CRC [124]. Subsequent metabolomics showed a significant pro-carcinogenic potential of bacterial
biofilms in colonic mucosa. This is consistent with other studies that observed bacterial biofilms
containing mucus-invasive species, with overgrowth of F. nucleatum in proximal CRC [125].

The pathogenic effect of bacterial biofilms in CRC is mediated through disruption of the colonic
mucus layer. The mucus covering the colonic epithelium is a bi-layered gel-like structure, which is
formed through secretion of MUC2 by goblet cells. The inner layer is densely packed, attached on
the luminal side of enterocytes via trans-membranous proteins and goblet cells, and impenetrable to
bacteria [126]. As the mucin production continues, the mucus layer expands towards the intestinal
lumen. The exposure to various bacterial enzymes (glycosidases, proteases) disintegrates the mucus,
creating an optimal environment for microbial colonization [127]. As a result, the outer layer is
formed, which is unattached and flows with the fecal content, housing commensal members of the
intestinal microbiota. These mucus layers play a crucial role in colonic immunity, protecting the
intestinal mucosa from protracted interaction with the microbiota. Furthermore, the mucus contains
several peptides with antibacterial activity (defensins, cathelicidins) and IgA antibodies, secreted
by enterocytes and submucosal immune cells, creating a defensive mechanism against invasion by
pathogenic microbes [126]. The inner mucus layer in eubiosis is not inhabited by bacteria, whereas,
during intestinal dysbiosis the down-regulated synthesis of MUC2 and antimicrobial peptides, due to
increased bacterial pathogenicity, leads to intestinal biofilm formation. These bacterial biofilms are
associated with enhanced microbial attachment and invasion into the colonic epithelium, inflammation
(activation of IL-6 and signal transducer and activator of transcription 3 [STAT3] pathways), aberrant
immune responses, and thus increased cytotoxicity or genotoxicity [124]. These phenomena eventually
cause improper epithelial cell proliferation and colorectal tumorigenesis [85].

The “driver—passenger” model, which was previously discussed regarding intestinal dysbiosis
(see. Section 3), can also be applied to the biofilm formation in periodontal diseases [117]. In the context
of oral dysbiosis, driver pathogens such as P. gingivalis can further shape the biofilm structure, altering
the growth and gene expression of passenger bacteria, and impairing host immunity, through several
virulence factors [128]. However, due to the indications from the above studies, this model can be
expanded including “bridging” strains like F. nucleatum [129]. These species can invade oral epithelial
cells, by producing adhesins, surface ligands, and proteolytic enzymes. This effect is gradually enlarged
creating a stable microenvironment harboring major pathogens such as P. gingivalis into the biofilm.
Under these conditions, the various bacteria cooperate forming a self-preservation community which
could initiate pro-inflammatory diseases such as periodontitis via induction of oral dysbiosis. This is
known as the “polymicrobial synergy and dysbiosis” (PSD) model [129].

A similar model of dysbiosis seems to apply in the colonic ecosystem. The driver and passenger
species in CRC co-exist in a complex interaction inside a bacterial biofilm in the tumor tissue, and
its composition is evolving over time. Regarding F. nucleatum, the ongoing debate is whether it
behaves as a driver or a passenger in intestinal dysbiosis. When the “driver—passenger” model was
proposed, the role of oral bacteria in CRC had not been explored; hence, F. nucleatum was described as
a bacterial “passenger”. Classic driver bacteria included species such as Bacteroides fragilis, Enterococcus
faecalis, and E. coli, which were able to impair the epithelium and promote tumorigenesis through
production of genotoxins and ROS [130]. In a study by Kostic et al. [131], members of Fusobacterium
spp. were found abundant in colonic adenomas from human subjects, and daily administration of F.
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nucleatum in ApcM"* murine model of CRC for 8 weeks enhanced tumor multiplicity and recruitment

of tumor-infiltrating myeloid cells, forming a pro-inflammatory profile. The requirement of daily
administration of F. nucleatum for such long time period in order to initiate tumorigenesis implies that
additional species may participate in this interaction. These findings suggest that F. nucleatum could be
labeled as a driver bacterium in this model of intestinal dysbiosis, since it promotes tumor development,
furthering the colonization of the colonic environment by other pathogenic oral species which serve
as passengers. Despite this speculation, some studies show contradictory results. Although the
abundance of F. nucleatum was found to be increased in CRC patients compared to controls, there
was no significant correlation in colorectal adenomas, either in fecal [132] or tissue samples [88]. In
a recent study by Tomkovich et al [133] several bacterial taxa such as Bacteroidetes, Proteobacteria,
and Lachnospiraceae were enriched in mucosal-related biofilms in preclinical murine models of CRC,
while members of Fusobacterium spp. were not detected. Early establishment of tumorigenesis was
possible without the presence of Fusobacteria, confirming studies which indicate that Fusobacteria
are mainly involved in advanced or metastatic CRC [134]. These data are also supported by studies
reporting that F. nucleatum does not present pro-tumorigenic or proinflammatory abilities in gnotobiotic
ApcMinit mice [135]. Only specific F. nucleatum possess tumorigenic properties through interaction
with other species of intestinal microbiota. All these findings imply that F. nucleatum merely resembles
a passenger rather than a driver of intestinal dysbiosis in CRC. Further investigation regarding the
detailed cross-talk between oral bacteria and intestinal flora in biofilms will clarify their role as drivers
or passengers in CRC dysbiosis.

6.3. The Metabolic Properties of Oral Bacteria in the Colon

The shift of the oral microbiota composition towards more anaerobic strains is indicative of
periodontitis [117]. Apart from the alterations in oxygen demands, the microbial metabolism also
changes into proteolytic and asaccharolytic [136]. As a result, ammonia and short-chain fatty acids
(SCFAs) are produced in the gingival crevicular fluid (GCF) of the subgingival space, neutralizing the
pH, thus enhancing the proteolytic activity of several oral species (such as P. intermedia) which further
sustain this disruption. Finally, these events increase the abundance of pathobionts like P. gingivalis,
F. nucleatum, P. intermedia, and Campylobacter, perpetuating the proteolytic vicious cycle regarding
proteins in exfoliated epithelial cells and (GCF) [136].

Notably, the responsible metabolic pathways are not similar between species, with F. nucleatum and
P. intermedia preferring smaller molecules, like amino acids, whereas P. gingivalis mainly disintegrates
dipeptides into amino acids. Hence, the former bacteria form an optimal environment for pathogens
to thrive, which in turn support their nutrition, in a continuous manner. The enhanced proteolytic
ability of this bacterial consortium promotes immune responses, creating a preferable nutritional basis
for biofilm development, with concurrent suppression of defensive mechanisms such as complement
immunity [117]. This implies that in oral dysbiosis metabolic cooperation between oral bacteria
stimulates the onset of diseases like periodontitis [128].

Apart from their synergistic metabolism, members of the oral microbiota are able to synthesize
various carcinogenic substances. For example, volatile sulfur compounds (VSCs), including hydrogen
sulfide (H»S), which are widely known for their toxic and inflammatory potential even at low
concentrations, are highly produced in the oral cavity by A. actinomycetemcomitans, F. nucleatum, P.
intermedia, and P. gingivalis [137].

Similar to the oral cavity, these coordinating interactions may take place in the colonic environment
following colonization of oral bacteria. Colonic mucosa demonstrates an anaerobic environment,
with more neutral pH than the oral cavity, which is frequently shedded off, promoting nutrition as
well as adhesive sites for pathogenic bacteria [138]. During their passage from the oral cavity to
the colon, several oral bacteria adopt the aforementioned anaerobic, asaccharolytic and proteolytic
metabolic profile [139], enabling them to degrade the mucins and extracellular matrix in the colon,
resulting in infiltration of mucus layer and invasion into the mucosa through disruption of epithelial
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junctions [140]. The perturbed mucosal ecosystem promotes the overgrowth of proteolytic pathogens
like Peptostreptococcus, and Porphyromonas. For instance, P.gingivalis produces cysteine proteases
called “gingipains”, being specific to either lysine (Kgp) or arginine (Rgp) [141], which are actively
involved in bacterial biofilm development, with subsequent stimulation of vascular permeability and
tissue impairment [139]. Moreover, gingipains are able to degrade immunological factors, including
immunoglobulins like IgA, components of the complement, and cytokines, hence triggering an
antibacterial immune response aiding their survival. Oral streptococci also possess the ability to cleave
IgA through beta-galactosidase and neuraminidase [142]. The ongoing destruction of host proteins
in the colon by oral bacteria induces a chronic inflammatory state, which continuously generates
nutritional substances for microbiota, and could eventually promote CRC tumorigenesis [143].

Colonic biofilms of oral bacteria can further impair the colon by synthesizing carcinogenic
metabolites, ROS and polyamines [144]. Enhanced production of polyamine metabolites spermine
and diacetylspermine is a distinctive characteristic of colonic biofilms that has been associated with
DNA insults in colonic epithelium, since proper antibiotic treatment decreased biofilm formation
in addition to polyamine levels [145]. Furthermore, polyamines are mandatory factors for biofilm
development and microbiota preservation, inducing aberrant tumorous proliferation [146]. As a result,
the oral communities produce essential metabolites, supporting the integrity of their biofilms, while
deteriorating intestinal metabolism and provoking tumoric proliferation [144,145]. H,S is an agent
with genotoxic properties which could cause genomic instability or aggregated DNA mutations [147].
Up-regulated expression of numerous H,S-producing enzymes has been reported in CRC, such
as cystathionine-3-synthase which promotes the overproduction of H5S, in turn affecting tumor
development and spread by induction of migrating, invasive, and proliferative endocytic pathways,
and stimulation of tumor angiogenesis [148].

Other substances which have been associated with increased risk of CRC, such as alcohol, are
metabolized by oral bacteria into hazardous compounds. Many species of streptococci (Streptococcus
oralis, Streptococcus gordonii, Streptococcus mitis etc.) are capable of converting alcohol to acetaldehyde,
a well-known carcinogen, through metabolization by the enzyme alcohol dehydrogenase (ADH) [149].
Such ADH-producing bacteria have been detected in oral cancer and could possibly lead to colon
carcinogenesis [150]. Muto etal. reported that species belonging to Neisseria can synthesize acetaldehyde
in extreme amounts in vitro, compared to other oral bacteria, indicating their major potential in
potentiating human tumorigenesis [151]. Moreover, oral microbes may also be involved in the
enhanced activation of tumorigenic nitrosamines, namely nitrosodiethylamine (NDEA), from tobacco
smoking [152]. Such products are indisputable carcinogens, promoting the formation of DNA adducts
in vitro [153]. Tobacco also furthers the metabolism of ethanol to acetaldehyde by oral microbiota,
suggesting a synergistic effect of alcohol-smoking related carcinogenesis [79].

Recent studies have detected L-tryptophane (Trp) as an important amino acid, maintaining
a balanced relationship between the intestinal microbiota and host immunity. In particular, oral
members of intestinal microbiota, such as F.nucleatum, are capable of metabolizing Trp to various
derivatives (tryptamine, indole, skatole), regulating the immune response of the colonic epithelium
through binding with the aryl hydrocarbon receptor (AhR) [154]. Lamas et al. showed amelioration of
colonic inflammation following administration of Trp-metabolizing species, like Lactobacillus spp. [155],
suggesting that extreme deprivation of AhR ligands could result in aberrant intestinal immunity;,
possibly leading to CRC [156].

The proteolytic activity of oral bacteria in the intestinal environment leads to the production
of SCFAs that aggregate in subgingival space in high amounts, causing an inflammatory response
that furthers the progression of oral diseases [136]. However, similar SCFA production in the colon
following fermentation of dietary fibers by commensal bacteria is beneficial, mediating colonic
homeostasis [157]. SCFA synthesis inhibits inflammation and apoptosis, reduces luminal pH, and
sustains mucosal immunity, thus forming an unfavorable microenvironment for colonization by oral
pathogens, such as F. nucleatum [158], and protecting from CRC progression [143]. These data indicate
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that dietary and lifestyle manners may be significantly correlated with intestinal colonization by F.
nucleatum in CRC [159]. Indeed, fiber- and starch-rich diets have been related to reduced incidence of
F. nucleatum-associated CRC, whereas the consumption of western-type diet leads to increased risk
of F. nucleatum-positive CRC [160]. Although the anti-inflammatory activity of SCFAs could permit
immune impairment by oral pathogens, the exact role of orally-mediated synthesis of SCFAs in CRC
tumorigenesis has not yet been fully elucidated.

6.4. Virulence Factors of Oral Bacteria Inhibit Apoptosis and Modulate Inflammation and Immune Response in
the Colon

As we previously mentioned several oral species such as Fusobacterium and Porphyromonas
are highly detected in CRC. Although many other pathogenic or commensal members of the oral
microbiome, such as the genera Peptostreptococcus, Prevotella, Parvimonas, and Gemella, have also been
reported to be increased in CRC, their virulence has not been examined individually [161]. Studies of
the former two pathogens have revealed numerous virulence mechanisms with anti-apoptotic and
inflammatory properties [162].

Although the association of F. nucleatum with CRC is widely known, the responsible mechanistic
pathways of this interaction remain elusive. Most studies focus on the role of Fap2 and FadA, two
proteins of the outer membrane of F. nucleatum. The invasive potential of F. nucleatum is mediated
through the adhesive Fap2 peptide [163]. Fap2 inhibits the stimulation of lymphocytes and cytotoxic
natural killer (NK) cells when bound to the inhibitory “T-cell immunoglobulin and immunoreceptor
tyrosine-based inhibitory motif domain” (TIGIT) receptor of these cells, creating an immunosuppressive
and thus protective microenvironment for tumors infected with F. nucleatum from host immunity [164].
In a study by Abed et al [165], it was found that F. nucleatum achieves enrichment in the colorectal
tumor through binding of Fap2 to the polysaccharide D-galactose-(3(1-3)-N-acetyl-p-galactosamine
(Gal-GalNAc), which is greatly expressed in CRC, revealing Gal-GallNAc as a possible therapeutic
target in tumors infected with F. nucleatum [165]. Attachment and subsequent invasion into the colonic
epithelial cells in CRC is mediated by the adhesion of FadA, a protein unique to F. nucleatum, to
E-cadherin [166]. This binding also initiates the expression of several oncogenic and inflammatory
genes as well as the Wnt pathway. More specifically, internalization through clathrin leads to the
activation of Wnt cascade enabling CRC tumorigenesis [91]. Despite the profound role of FadA and
Fap2 in promoting inflammatory and carcinogenic phenomena, Tomkovich et al. recently demonstrated
that the presence of these F. nucleatum-specific proteins is not adequate to elicit such responses in
murinary CRC mouse model [135].

P. gingivalis presents anti-apoptotic activity via activation of many different signaling pathways. In
the gingival epithelium, the surface purinergic receptor P2X7 presents pro-apoptotic ability following
binding to adenosine triphosphate (ATP). Cleavage of ATP by an enzyme secreted by P. gingivalis,
the nucleoside diphosphate kinase (NDK), inhibits cell apoptosis promoting tumorigenesis [167].
P2X7 receptor is also present in other tissues, including colonic epithelium, playing an essential
role in regulating innate and adaptive colonic immunity in addition to cell proliferation, although
its behavior in inflammatory and cancerous diseases, such as CRC, is still ambiguous [168]. P.
gingivalis also promotes the anti-apoptotic cascade involving Janus kinase 1 (Jakl), protein kinase B
(Atk), and STAT3, which regulates intrinsic mitochondrial apoptosis pathways [169]. Activation of
phosphoinositide 3-kinase (PI3K) by Jakl enables the phosphorylation of the Bcl-2-associated death
promoter (Bad) and caspase-9 inhibiting their pro-apoptotic properties [170]. This interaction leads
to upregulation of the anti-apoptotic Bcl-2 and downregulation of pro-apoptotic (Bcl-2)-associated
X (Bax) protein, a fact that became evident in the gingival epithelium [171]. P. gingivalis also enables
cell proliferation affecting the S-phase of cell cycle via downregulation of apoptotic p53 by regulation
of cyclin/cyclin-dependent kinase (CDK) activity [162]. Furthermore, P. gingivalis secretes unique
molecules, called gingipains that promotes the nuclear factor (NF)-kB pathway after binding to protease
activated receptor (PAR), subsequently activating metalloproteinase-9 (MMP-9) through cleavage of its
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pro-enzyme. MMP-9 furthers tumor cell invasion and migration as a result of degradation of basal
membrane composition [172].

Colonic immunity consists of a vast variety of components, such as immune and epithelial cells
along with their products (cytokines, growth factors), antibacterial factors and other supporting cells
and mediators. Local and systemic immunity is also regulated by recognition of several components
of colonic microbiota including microbe-associated molecular patterns (MAMPs). MAMPs commonly
include substances like lipopolysaccharide (LPS), and others such as peptidoglycan, bacterial DNA
or RNA, polysaccharides, and flagella. Receptors responsible for this are called pattern recognition
receptors (PRRs) and are divided into numerous families, such as the Toll-like receptors (TLRs), the
nucleotide-binding oligomerization (NOD)-like receptors (NLRs), the absent in melanoma 2 (AIM2)-like
receptors, the RIG-I-like receptors, the OAS-like receptor and C-type lectin receptors [173]. TLRs are
one of the most important receptors, that are generally expressed in immune cells (dendritic cells and
macrophages), and are able to induce colonic epithelial growth, and sustain the integrity of the mucosal
barrier, as well as producing several crucial factors for maintaining colonic homeostasis including
chemokines, secretory IgA, mucus, and antibacterial peptides [174]. When microorganisms invade
the colonic barrier, MAMPs and other bacterial products are recognized by the PRRs on the cells of
host immunity, subsequently promoting pro-inflammatory response, accompanied by secretion of
chemokines and cytokines, finally differentiating the immune response [175].

TLR4 in particular is an essential receptor for LPS recognition, which may further tumor progression
since it is highly expressed in CRC [176]. F. nucleatum and its corresponding LPS can bind to this
receptor, activating the P-PAK1 signaling and beta-catenin pathway [177]. It has also been reported
that CRC cells form mouse models infected by F. nucleatum present increased stimulation of TLR4 that
enhances the expression of microRNA-21 (miR-21) ultimately increasing tumor proliferation [177].
Upregulation of several inflammatory cytokines with tumorigenic potential, such as IL-6, IL-8, tumor
necrosis factor-alpha (TNF-«), and cyclooxygenase-2 (Cox-2), has been detected in many studies using
either in vitro cultures or immunoassay techniques in CRC tissue samples [131,178].

F. nucleatum-enriched CRCs demonstrated increased release of C-C motif chemokine ligand 20
(CCL20), stimulation of NF-«B signaling, and induction of tumor infiltration through migration of
activated macrophages [179,180]. F. nucleatum has been linked to immune suppression, through
promotion of lymphocytic apoptosis [180]. The abundance of F. nucleatum has been found to be
inversely proportional to CD3+ T-cell density [181], although other studies failed to reveal a significant
relationship between these two elements [180]. This association of immunosuppressive phenomena
with bacterial dysbiosis in cancer has also been supported by the detection of dysbiotic intestinal
microbiota in patients with primary immunodeficiency, such as X-linked inhibitor of apoptosis (XIAP)
deficiency. Interestingly, not only do the intestinal microbiota present alterations in its composition in
these patients, but also some of the taxa with increased abundance (Scardovia, Fusobacterium, Rothia
dentocariosa, and Veillonella) are members of the oral microbiota [182] that are also involved in the
pathogenesis of inflammatory bowel disease and CRC [183]. Thus, the intestinal microbiota of patients
with primary immunodeficiency presents distinct perturbations, indicating a primary defect in host
immunity as a core of intestinal dysbiosis.

Concerning P. gingivalis, the production of NDK induces ATP-mediated mitochondrial and
cytosolic ROS, which play a key role in upregulation of transcription factors related to inflammation
and tumorigenesis [184], in addition to stimulation of antioxidant glutathione response via interaction
between P2X7 receptor and nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase [185].
Other members of the oral microbiota, especially Peptostreptococcus, Parvimonas and Prevotella, are also
able to promote an inflammatory response, disrupting the function of epithelial and endothelial cells,
impairing the coposition of the extracellular matrix, and affecting local levels of numerous cytokines
such as IL-13, IL-6, IL-17, IL-23, TNF-«, and matrix metalloproteinases MMP-8 and MMP-9 [186].

All in all, the orally-driven intestinal dysbiosis in favor of opportunistic pathobionts results
in impairment of the colon mucosa, increased bacterial invasion and translocation, stimulating the



Int. J. Mol. Sci. 2019, 20, 4146 19 of 31

innate and adaptive immunity, leading to a chronic inflammatory state [187]. More specifically, the
activated components of the innate immunity (dendritic cells, macrophages, and NK cells) secrete
pro-inflammatory cytokines, including IL-12, IL-23, TNF-«, and interferon-gamma (IFN-y), which in
turn induces the response of the components of the adaptive immunity (T and B lymphocytes) [36].
The major result of this inflammatory response is the upregulation of specific epithelial signaling
cascades, including NF-«kB and STAT3 [188], and the production of reactive nitrogen and oxygen
species. These phenomena leads to oxidative stress, DNA insult, irregular cell proliferation, and,
finally, the development of colorectal adenomas and cancerogenesis.

The various molecular pathways of tumorigenesis associated with F. nucleatum are represented in
Figure 1.
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Figure 1. Schematic summary of the molecular pathways of F. nucleatum in CRC tumorigenesis. F.
nucleatum mediates its oncogenic properties through three major components: the Fap2, and FadA
molecules along with the LPS. LPS can interact with TLRs (namely TLR2 or TLR4), activating the
MyD88 and NF-«B pathway. This interaction leads to reduced caspase activity and increased autophagy,
resulting in reduced apoptosis. Furthermore, FadA binds to E-cadherin, causing dephosphorylation
and activation of 3-catenin. NF-«B and (3-catenin alter the gene expression, increasing the synthesis of
pro-inflammatory cytokines (IL-1§3, IL-6, IL-8, IL-18, TNF-«) and upregulating oncogenic pathways
of Cmyc/CyclinD and miR-21. The pro-inflammatory state is further enhanced by the binding of
Fap2 to Gal-GalNAc. Additionally, the interaction of LPS with the TIGIT receptor of NK and T cells
leads to suppression of anti-tumor immunity. Eventually, these events create inflammation which
impairs DNA, promotes cell proliferation and results in CRC tumorigenesis. CRC: colorectal cancer;
Gal-GalNAc: D-galactose-[3(1-3)-N-acetyl-D-galactosamine; IL: interleukin, LPS: lipopolysaccharide;
miR: microRNA: NF-«B: nuclear factor kappa-beta; NK: natural-killer; TIGIT: T-cell immunoglobulin
and immunoreceptor tyrosine-based inhibitory motif domain; TLR: toll-like receptor; TNF-o:: tumor
necrosis factor-alpha. Upward red arrows: enhancement/stimulation; Downward red arrows: reduction.
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7. Conclusions

The current understanding of microbiome, metabolome, metagenome and other omics in various
studies help us to clarify the involvement of the oral microbiota in CRC carcinogenesis (Figure 2). A
unified inspection of the microbial community in CRC indicates that metabolic activity and composition
of a multispecies bacterial community seem to define the core of carcinogenesis in relation to intestinal
dysbiosis. Hence, a consortium of inflammatory responses, virulence factors and impaired epithelial
signaling in the context of a polymicrobial oral biofilm with synergistic properties creats a suitable
microenvironment for the development of disrupted and irregular interactions between the host and
microbiota. Oral periodontopathic bacteria can further translocate into the colorectum becoming a
part of a potentially pathogenic microbiota with altered composition. Using mechanisms equivalent
to those in the oral cavity, they synthesize growth and virulence factors, progressively eradicating
the benefical bacteria. This inevitably creates instability of the commensal microbiota and favors
the superiority of orally-derived opportunistic pathogens resulting in intestinal dysbiosis. Mucosal
adhesion and biofilm formation, accompanied by increased concentration of toxic metabolites and
enhanced proteolytic activity, can disrupt the integrity of the colonic barrier. All the above mechanisms,
combined with aberrant immunity, can result in inflammation and CRC tumorigenesis.

Future studies should focus on clarifying the detailed mechanisms that determine CRC
carcinogenesis through an orally-driven intestinal dysbiosis, especially regarding the exact role
of F. nucleatum virulence proteins. Additionally, the virulence factors and pathogenic pathways of
oral bacteria, other than F. nucleatum, in combination with biofilm formation and metabolic activity
should also be investigated, furthering our knowledge about their involvement in intestinal dysbiosis.
Nevertheless, whether the intestinal colonization by these bacteria requires a dysbiosis of oral microbiota
or an already established dysbiotic bacterial community in the colon is still not clear, but cannot be
ignored. Since the majority of oral bacteria in CRC dysbiosis are periodontopathic bacteria, good
oral hygiene, periodontal treatment, and probiotics may aid the prevention of intestinal diseases
that are mediated by oral bacteria. One limitation of the literature is that the studies published to
date regarding the role of the oral microbiota in CRC have been inconsistent, with the exception of
findings about F. nucleatum, possibly due to the small sample sizes. Studies with larger numbers of
samples are needed for more solid results. Since the oral bacteria are actively participating in the
intestinal dysbiosis and the induction of tumor proliferation, treatments that target the microbiota in
order to modulate immune response reveal a novel route for cancer inmmunotherapy. Translating
the promising findings from immunotherapy studies into substantial clinical treatments requires a
deep understanding of the complex mechanisms of the aforementioned biological pathways. Hence,
elucidation of the immune and inflammatory mechanisms of microbiota-mediates CRC pathogenesis
will yield new opportunities for CRC prevention, prognosis, as well as treatment strategies.



Int. J. Mol. Sci. 2019, 20, 4146 21 of 31

<smm = beneficial bacteria
<smm = oral pathogens
= bacterial components

A = virulence factors

. translocation Blood circulation
Swallowing

Periodontitis
| /
\ Bacterial 2

Biofilm formation e

Bacterial shifts
n L e o ——

010

Healthy mucosa vy K . Ba."'e’ . Chronn?
impairment inflammation
\
— l \ A
g g 0@
i ROS __>
. RNS DNA damage Aberrant immunity \ CRC
tumorigenesis
IL-23
Macrophage 1L /
activation —_—> STAT3 —ou——3 ¢ Epithelial
TNF-a . .
IFN-y NF-kB proliferation

Figure 2. A proposed model of orally-driven intestinal dysbiosis in CRC development. In periodontitis
several oral pathogens, such as Fusobacterium nucleatum or Porphyromonas gingivalis, are abundant in oral
biofilms. This situation aids the dissemination of oral pathogens into the colon via either swallowing
of the saliva or bloodstream. In the colonic environment they are incorporated into the intestinal
microbiota. As a result, bacterial shifts and the production of virulence factors create a microbiotic
instability and outgrowth of pathogens leading to intestinal dysbioisis. Subsequent biofilm formation
and secretion of several bacterial components (e.g., metabolites, toxins, MAMPs), lead to macrophage
activation and disruption of the mucosal barrier. Pro-inflammatory cytokines, such as IL-23, IL-1,
TNF-«, and IFN-vy, enable signaling pathways through STAT3 and NF-«B activation, enhancing the
proliferation of epithelial cells. Moreover, the release of ROS and RNS and the increased exposure of
submucosal environment by virulaence factors and other bacterial products or toxins result in DNA
damage and mutations. These events promote a chronic inflammatory state which stimulates an
aberrant immune response and further impairs the colonic epithelium. Inevitably, the result of the
above interactions is the initiation and progression of CRC carcinogenesis. CRC: colorectal cancer;
IFN-y: interferon-gamma; IL: interleukin; MAMPs: microbe associated molecular patterns; NF-«B:
nuclear factor kappa-beta; RNS: reactive nitrogen species; ROS: reactive oxygen species; STAT3: signal
transducer and activator of transcription 3; TJ: tight junctions; TNF-o:: tumor necrosis factor-alpha.
Upward red arrow: enhancement.
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