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Abstract: Colorectal cancer is currently a public health concern due to its high incidence, morbidity,
and mortality rates. Researchers have identified the intestinal microbiome as a crucial factor in the
development of this disease. Currently, specialized literature data support the role of the microbiota
in both the development of colorectal cancer and resistance to oncological therapies. Therefore,
studying the composition of the gut microbiome can aid in creating risk assessment tools to identify
specific populations that would benefit from tailored screening approaches. Also, manipulation of the
intestinal microbiome can be useful in improving the response to chemotherapy or immunotherapy.
Identifying the pathogenic mechanisms responsible for this causal link can aid in the discovery of
novel treatment targets. This article will provide the latest information regarding the influence of the
intestinal microbiota on the development and progression of colorectal cancer.
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1. Introduction

Colorectal cancer (CRC) is associated with a significant burden on the global healthcare
system. Among all gastrointestinal cancers, CRC is associated with the highest risk of oc-
currence during life (38.5%) and, secondly, the highest risk of death from cancer (28.2%) [1].
These results emphasize the need for research to improve the diagnostic and therapeutic
management of this disease [1].

Regarding its prevalence, CRC ranks as the third most common malignancy world-
wide, accounting for approximately 1,926,425 newly diagnosed cases each year [1,2]. In
terms of mortality, it is the second leading cause of cancer deaths, after lung cancer, with
an annual death toll of roughly 904,019 [2]. Geographic variation in CRC risk factors
partially accounts for the geographic variation in the incidence and mortality rates of this
malignant disease [2]. According to recent data, Australia and Europe had the highest rates
of CRC, with 40.6 cases per 100,000 men, while Africa and South Asia had the lowest rates,
with 4.4 occurrences per 100,000 women [1,2]. The mortality rate exhibited comparable
trends, with the highest rate recorded in Eastern Europe (20.2 deaths per 100,000 men)
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and the smallest in South Asia (2.5 deaths per 100,000 women) [1–3]. Furthermore, recent
epidemiological research indicates that the number of new cases of CRC is estimated to rise
to 3.2 million by the year 2040, with a corresponding increase in mortality to 1.6 million
deaths [2]. The rise in the prevalence of CRC appears to be directly related to the expansion
of the economy [3]. This phenomenon is considered to be a result of lifestyle changes, in-
cluding a higher intake of meat, processed foods, and alcohol, decreased levels of physical
activity, and an increased prevalence of obesity [2,3]. Another potential explanation for this
relationship could be the demographic phenomenon of population aging [3].

Advancements in oncological treatment and the adoption of screening strategies that
enable the early detection of CRC contributed to a rise in the 5-year life expectancy from
around 50% in 1970 to around 70% at present [4–6]. However, currently, there is also a
documented rise in the occurrence of CRC among individuals under the age of 50 [7–10].
Furthermore, by 2030, according to concerning statistics, one in ten patients diagnosed with
colon cancer and one in four patients diagnosed with rectal cancer will be under the age of
50 [11]. The increased incidence of CRC among younger patients is also accompanied by a
corresponding rise in mortality rates, primarily because of delayed diagnosis and a more
advanced stage of the disease [12]. All of these observations led to a decrease in the age of
implementing CRC screening strategies to 45 years in the United States of America [13].

Another essential issue to consider when reflecting on the worldwide burden of CRC
is the identification of particular risk factors for this malignancy [14]. These data have the
potential to be used in the development of risk scores that might help identify populations
that could benefit from individualized screening programs. In addition, they can be used to
formulate precise recommendations on how to eliminate or minimize exposure to particular
risk factors. Furthermore, for patients who have already received a diagnosis of CRC, the
detection of pathogenic pathways implicated in colorectal oncogenesis can aid in the devel-
opment of novel, targeted therapies. This review will focus on the pathogenic correlation
between CRC and the intestinal microbiota, according to the most recent data available.

2. Risk Factors for CRC

The pathophysiological mechanisms that contribute to colorectal carcinogenesis in-
clude abnormal cell proliferation and differentiation, resistance to apoptosis, tumor cell
invasion of neighboring structures, and distant organs [14]. Dietary and lifestyle choices
may potentially initiate inflammation in the intestines and alter the composition of the
intestinal microorganisms, thereby facilitating an immune reaction that supports the devel-
opment and advancement of polyps into cancer [6]. In addition, mutations in oncogenes
and tumor-suppressor genes, whether inherited or occurring spontaneously, might pro-
vide some mucosal cells a competitive advantage, stimulating excessive cell growth and
ultimately resulting in the development of cancer [6].

The risk factors for CRC are categorized into two main groups: non-modifiable and
modifiable factors (Figure 1) [6,14].

Factors such as access to healthcare, screening programs, diet, income, and educa-
tion appear to influence the slightly higher prevalence of CRC among black individuals
compared to white individuals more than genetics [6,15,16]. Regarding gender, males
have approximately a 1.5-fold greater probability of developing CRC in comparison to
females [6]. Additionally, females have a higher susceptibility to right-sided colon cancer,
which is linked to a poorer prognosis when compared to CRC found in the left colon [6].

The likelihood of developing CRC rises in direct correlation with advancing age. For
instance, in the United States, the probability of a diagnosis of CRC is approximately three
times higher for individuals aged 65 and above compared to those aged 50–64 and approxi-
mately thirty times higher for those aged 25–49 [17]. As a result of the implementation of
CRC screening strategies, morbidity and mortality rates associated with this condition have
decreased. A significant issue in the past few decades has been the rise in the incidence of
CRC cases identified in individuals under the age of 50. Research indicates that early-onset
CRC has distinct clinical characteristics, more aggressive behavior, and different molecular
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profiles compared to CRC that occurs at an older age [18]. Early-onset CRC is linked to
more aggressive histological cancer types and is diagnosed in more advanced stages [18].
The high prevalence of germline mutations in these patients underscores the need for a
more thorough assessment of the family cancer risk [18].
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The main mutations observed in CRC patients involve the following genes: adenoma-
tous polyposis coli (APC—up to 80%), tumor protein P53 (TP53—35–55%), Kirsten rat sar-
coma virus (KRAS—35–45%), transforming growth factor beta receptor 2 (TGFBR2—25–30%),
MutL protein homolog 1 (MLH1), MutS protein homolog 2 (MSH2), MutS protein homolog
6 (MSH6), postmeiotic segregation increased 2 (PMS2, MLH1, MSH2, and MSH6—15–25%),
mothers against decapentaplegic homolog 4 (SMAD4—10–35%), phosphatase and tensin ho-
molog (PTEN—10–15%), and v-raf murine sarcoma viral oncogene homolog B1
(BRAF—8–12%) [19]. CRC can also be associated with several hereditary syndromes,
including familial adenomatous polyposis (FAP), Li-Fraumeni syndrome, cardiofasciocu-
taneous syndrome, hereditary non-polyposis CRC (Lynch syndrome), familial juvenile
polyposis, Cowden syndrome, Turcot syndrome, Peutz–Jeghers syndrome, or Gardner
syndrome [14,19].

A recent case–control study conducted in Sweden found that individuals with a first-
degree relative who had a colorectal polyp faced a 40% higher risk of developing polyps
themselves [20]. Notably, the study’s authors observed that the risk of colorectal polyps
rises with each additional first-degree relative affected by polyps, along with a decrease in
the age at which polyps are diagnosed in family members [20]. According to other studies,
people who have a first-degree relative with a history of CRC are two to four times more
likely to develop the disease than the general population [21].

Regarding the personal history of colorectal polyps and the risk of developing CRC,
this is enhanced by both the number and size of adenomatous polyps discovered on
examination [22]. A pooled prospective analysis conducted by Martinez et al. found that
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patients who had more than five adenomas or at least one adenoma measuring 19 mm or
larger had an approximate 20–25% increase in the absolute risk of developing metachronous
advanced adenoma [22].

Individuals diagnosed with inflammatory bowel diseases (IBD) have a twofold in-
creased risk of CRC in comparison to the general population [14]. The abnormal release
of cytokines and metabolic products, as well as an increase in local blood flow, are all
consequences of the chronic intestinal inflammation that defines these diseases. These
factors collectively contribute to the development of cancer [14].

Patients with a history of abdominal irradiation are more likely to develop gastroin-
testinal neoplasms, particularly CRC, which is the most prevalent. For instance, individuals
who have undergone radiotherapy for prostate cancer have a similar risk of CRC to patients
with a family history of colonic adenomas [14]. Additionally, individuals with prostate
cancer who are receiving androgen deprivation therapy involving the use of gonadotropin-
releasing hormone (GnRH) agonists or orchiectomy are at a higher risk of CRC [23].

Obesity and a lack of physical activity are the main behavioral factors that greatly
contribute to the development of CRC. These factors are also likely responsible for most
of the differences in the occurrence of the disease across different regions [6]. Research
suggests that people who participate in consistent physical activity have a 25% reduced
likelihood of CRC, whereas those who have a sedentary lifestyle have a heightened risk
of up to 50% [6,14]. Obesity can promote CRC carcinogenesis through abnormal lipid
metabolism, gut microbiota dysbiosis, chronic inflammation, or disrupted bile acid home-
ostasis [24]. Tumor microenvironment adipocytes serve as a source of energy for the
progression of CRC [24]. Furthermore, adipose tissue growth is associated with increased
levels of proinflammatory cytokines such as interleukin 6, tumor necrosis factor-alpha
(TNF-alpha), plasminogen activator inhibitor-1 (PAI-1), and chemokine ligand 2 (CCL2), as
well as elevated levels of adipokines, insulin, and insulin-like growth factor (IGF), all of
which contribute to the development of CRC [24].

The consumption of processed and red meats has been linked to an increased risk
of developing gastric and intestinal cancer. This effect is especially pronounced when
these meats are combined with high-temperature preparation methods and smoking [25].
Conversely, calcium, fiber, vitamin D, and a diet rich in fruits and vegetables have all
demonstrated protective effects against CRC [26]. Typically found in fruits, vegetables, and
whole grains, fiber accelerates intestinal peristalsis, reducing the contact time with potential
cancer-causing substances [26]. Fiber can also interfere with bile acid metabolism, which
has been shown to be involved in digestive carcinogenesis [27]. In addition, vegetables rich
in fiber also contain significant quantities of antioxidant compounds, such as resveratrol,
polyphenols, and phytoestrogens [27]. Moreover, fiber can modulate the intestinal micro-
biome; the commensal flora can digest it to produce compounds like butyrate, which have
an antiproliferative effect [27].

Research has indicated that individuals who consume two to three alcoholic beverages
daily have a 20% increased risk of CRC [28]. Furthermore, those who consume more than
three drinks per day face a 40% greater risk of developing this disease [28].

In relation to smoking, the literature provides evidence of a distinct correlation be-
tween this detrimental behavior and both the onset of CRC and an unfavorable progno-
sis [29,30]. In a recent study conducted on mice, Bai et al. observed a correlation between
tobacco exposure and intestinal microbiome modification [31]. Specifically, these authors
noted an increase in the abundance of Eggerthella lenta and a decrease in the abundance
of Parabacteroides distasonis and Lactobacillus spp. [31]. Furthermore, mice exposed to
cigarette smoke showed an increase in the concentration of specific biliary metabolites
(particularly taurodeoxycholic acid) in the colon and the activation of signaling pathways
such as mitogen-activated protein kinase/extracellular signal-regulated protein kinase
(MAPK/ERK) [31].

Patients with diabetes mellitus have an increased risk of CRC, regardless of body mass
index, level of physical activity, or smoking status [32]. The underlying pathophysiological
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mechanism involves an elevation in serum levels of insulin and IGF-1, both of which exhibit
mitogenic properties, thereby promoting the proliferation of colorectal epithelial cells [32].

3. Gut Microbiota and CRC

The gastrointestinal tract (GIT) contains more than 100 trillion microorganisms, col-
lectively known as the microbiome, which serves as the primary site for communication
between host cells, the immune system, and the microbiota [33–35]. The gut microbiota
has evolved alongside the host and actively participates in regulating metabolism and
immunity, as well as maintaining homeostasis and facilitating nutritional absorption [36,37].

The intestinal microbiome plays a role in colorectal oncogenesis through direct in-
teraction with enterocytes, as well as involvement in cellular metabolism and immune
response processes [37]. Sequencing-based investigations have revealed alterations in the
intestinal microbiota composition and a reduction in its diversity within patients diagnosed
with CRC [37]. It has been reported that several species promote colorectal carcinogenesis,
including Streptococcus gallolyticus, Enterococcus faecalis, Helicobacter pylori, Bacteroides fragilis,
Clostridium septicum, Escherichia coli, and Fusobacterium nucleatum (Figure 2) [38].
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Enterococcus faecalis produces extracellular superoxide, which causes deoxyribonu-
cleic acid (DNA) damage and genomic instability in intestinal epithelial cells [39]. Ad-
ditionally, it has been demonstrated that this microorganism activates macrophages to
generate 4-hydroxy-2non-enal, thereby promoting CRC [39]. Another mechanism by which
Enterococcus faecalis promotes carcinogenesis is by inhibiting the activation of the protec-
tive transforming growth factor beta (TGF-beta)/Smad signaling pathway [40]. This germ
can also enhance colonic tumorigenesis by secreting biliverdin, its key metabolite [41]. By
modulating the PI3K/AKT/mTOR signaling pathway, biliverdin can enhance the levels of
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interleukin-8 and vascular endothelial growth factor A, thereby inducing an angiogenic
phenotype that facilitates the progression of CRC [41].

Besides its clear involvement in gastric carcinogenesis, recent studies have reported an as-
sociation between Helicobacter pylori and CRC [42,43]. A study involving 812,736 individuals
found that Helicobacter pylori infection is associated with an 18% higher risk of developing
CRC and a 12% higher risk of death from CRC [44]. An explanation for this pathogenic
relationship can be found in the disruption of cell proliferation caused by the vacA toxin,
which is produced by Helicobacter pylori [43]. Ralser et al. identified a specific immune
pattern associated with Helicobacter pylori infection, characterized by a reduction in regu-
latory T cells and proinflammatory T cells [45]. This bacterium also induced the activation
of the pro-oncogenic STAT3 signaling pathway and the loss of goblet cells, all of which are
involved in colorectal oncogenesis [45].

Streptococcus gallolyticus subspecies gallolyticus (Sgg) has been found to significantly
elevate the risk of CRC through its capacity to induce tumor cell proliferation [46]. Com-
pared to the general population, Sgg bacteremia was associated with a 60% increased risk
of colon adenomas and adenocarcinomas [46–50]. Furthermore, Corredoira et al. provided
evidence that 45% of patients diagnosed with endocarditis caused by Sgg acquire colonic
neoplastic tumors within 5 years of the initial infectious disease diagnosis [51]. Data from
the literature has demonstrated a phenotypic variation across Sgg strains in terms of their
capacity to induce cell proliferation [46]. For instance, the strain Sgg TX20005 has the
ability to induce cell proliferation, whereas the strain ATCC_43143 does not have this
ability [46]. Furthermore, research on in vitro cell cultures revealed that the TX20005 strain
required beta-catenin to perform its function of increasing cell proliferation [46]. Taylor
et al. demonstrated in a recent study that the deletion of the Sgg-pathogenicity-associated
region (SPAR) locus leads to a reduction in colon colonization with Sgg, a reduction in Sgg’s
ability to adhere to intestinal cells, and the loss of these microorganisms’ ability to stimulate
cell proliferation and CRC development [46]. Infection with Sgg also activates certain
pro-oncogenic signaling pathways, including Wnt/beta-catenin, c-Myc, and proliferating
cell nuclear antigen (PCNA) [52].

Recent studies have revealed a significant correlation between the epidemiology of
colon cancer and the presence of enterotoxigenic Bacteroides fragilis (ETBF), suggesting
that this bacterium may play a role in the pathogenesis of the disease [53]. ETBF pro-
motes the development of colon cancer by enhancing the activation of T helper type 17
cells (TH17-type) [54]. The activation of STAT3 signaling within the tumor microenviron-
ment potentially contributes to a TH17-type immune response, which has procarcinogenic
potential [54]. An additional physiological mechanism that can explain the connection
between the colonization of Bacteroides fragilis and CRC is the secretion of a toxin called zinc-
dependent metalloprotease. This toxin specifically targets and breaks down E-cadherin,
leading to the movement of β-catenin into the nucleus, the increased expression of c-Myc,
and heightened cell growth [55].

Escherichia coli synthesizes colibactin, a genotoxin that causes DNA damage [56–58].
It appears to have more of a ‘hit-and-run’ mechanism because short-term infection was
sufficient to generate Wnt-independent organoids [59]. The Wnt-independent phenotype
was the result of a disturbance of the p53/miR-34 axis, as well as extra synergistic mu-
tations. These mutant cells with increased pro-survival signals can outperform normal
cells, resulting in the formation of premalignant lesions such as polyps in affected individ-
uals [59]. In a recent study, Nouri et al. found that 23% of CRC patients were colonized
with enteropathogenic Escherichia coli, compared to only 7.1% of healthy individuals [57].
Furthermore, these authors found that phylogroups D and B2 were more prevalent in
patients with CRC, while phylogroup A was more prevalent in healthy individuals [57].
Out of the Escherichia coli strains found in CRC samples, over 36.9% had the ability to create
biofilms [57]. In comparison, only 16.6% of the Escherichia coli strains from the control group
were capable of forming biofilms [57]. In addition, CRC patients had a greater frequency of
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genes encoding cyclomodulin, which was associated with the likelihood of generating a
biofilm [57].

Fusobacterium nucleatum produces Fusobacterium nucleatum adhesin A, which pro-
motes the development of CRC by altering the β-catenin/Wnt signaling pathway [60,61].
Zepeda-Rivera et al. have shown that elevated levels of Fusobacterium nucleatum within the
tumor are linked to increased rates of tumor recurrence, distant metastasis, and a poorer
prognosis [61]. Furthermore, the authors state that the Fusobacterium nucleatum animalis
(Fna) subspecies represents the majority of the strains found at the tumor level [61]. In
addition, genomic analysis revealed that the Fna subspecies consists of two clades: Fna
C1 and Fna C2 [61]. Only Fna C2 dominates the colorectal tumor niche among these [61].
Fusobacterium nucleatum has the ability to promote a pro-oncogenic inflammatory en-
vironment [62]. It was thus demonstrated that this microorganism activates the NF-kB
pathway, leading to the overexpression of some proinflammatory cytokines (cyclooxyge-
nase 2, tumor necrosis factor, interleukin-6, interleukin-8, and interleukin-1 beta) and the
selective recruitment of some myeloid-derived immune cells [62].

Currently, there are numerous studies that highlight the pathogenic link between
Clostridium septicum and the development of CRC [63–67]. Clostridium septicum proliferates
in the intestines as a result of its anaerobic nature and ability to generate spores. It has the
ability to cross the mucosa and enter the bloodstream. However, the mechanisms by which
this bacterium contributes to colorectal oncogenesis are only partially understood [63].
Although Clostridium septicum does not appear to cause CRC, the alpha-toxin it produces
enhances the spread and circulation of tumor cells [68].

In addition to the microbes themselves, the development of CRC is influenced by
microbial metabolites such as short-chain fatty acids (SCFAs), secondary bile acids, and
glucuronidase [69]. SCFAs are major bacterial metabolites, with a role in both the mainte-
nance of intestinal homeostasis and oncogenesis [69]. Okumura et al. demonstrated in a
recent article, for example, that butyrate promotes carcinogenesis by promoting cellular
senescence [70]. These authors also documented the cause-and-effect relationship between
the abnormal proliferation of Porphyromonas species and the development of CRC, which
may be attributed to the induction of cellular senescence by butyrate [70]. Another study
showed that organic solute transporter β (OST β), an important subunit of the bile acid
transporter OSTα-OSTβ, is significantly reduced in CRC patients, suggesting the important
role of bile acids in the development of this neoplasia [71]. Kim et al. reported an elevation
in glucuronidase activity in the feces of patients with CRC [72]. Researchers also discovered
a link between glucuronidase activity inhibition and a decrease in colorectal tumors [71].

Recent studies have shown notable disparities in the composition of the intestinal mi-
crobiome between the tumor site and the rest of the gut [69]. As a result, there is currently
evidence that signaling pathways in the tumor microenvironment (TME) are involved
in the progression and metastasis of CRC [69]. The main components of the TME are
intestinal cells, immune cells, endothelial cells, fibroblasts, and the extracellular matrix [37].
Besides these common components, the cells are in close contact with a large population of
microorganisms [37]. Direct physical cellular interactions in the TME are essential for signal
transduction [69]. In addition, molecules such as TGF-beta, Wnt, and other metabolites
or exosomes secreted by tumor cells mediate cellular communication and are involved in
cancer progression and distant metastasis [69]. MicroRNA, one of the essential components
of exosomes, can play both pro- and anti-tumor roles. For example, miR-21 promotes tumor
cell proliferation, invasion, and resistance to therapy, while miR-379 suppresses tumor
cell proliferation and migration [73–75]. The TME microbiome may be involved in the
response to chemotherapy [76–80]. For instance, the gammaproteobacteria present in the
TME metabolize the medication gemcitabine, converting it into its inert state [81]. Fur-
thermore, a study found that the antibiotic-induced reduction in this bacterium increased
responsiveness to CRC chemotherapy [81].

Consuming meat that contains carcinogenic substances can also increase the incidence
of CRC [82]. Factors such as gut microbiota metabolism, the presence of toxins, the acti-
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vation of carcinogenic enzymes (including β-glucuronidase, β-glucosidase, azoreductase,
nitroreductase, and alcohol dehydrogenase), the production of hydrogen sulfide (H2S)
and reactive oxygen species (ROS), the transformation of secondary bile salts, and the
by-products of protein fermentation can all influence the development of CRC [82].

Some microorganisms can suppress the progression and metastasis of CRC [83–86].
For instance, several probiotics have the potential to decrease DNA damage and inflam-
mation. As a result, they may also hinder the progression of CRC [87]. Yue et al. reported
that the administration of the Lactobacillus plantarum YYC-3 strain reduces intestinal inflam-
mation and prevents CRC [88]. From a molecular point of view, this strain suppresses the
NF-kB and Wnt signaling pathways in tumor cells to inhibit the production of proinflam-
matory cytokines [88]. Another study found that the administration of the probiotic strain
Clostridium butyricum reduces tumor size by decreasing tumor infiltration with CD4+ and
CD8+ T lymphocytes [89]. Oberreuther-Moschner et al. demonstrated that the use of the
probiotic strains Lactobacillus acidophilus 145 and Bifidobacterium longum 913 prevents DNA
damage at the cellular level [83]. The roles of probiotics or prebiotics in preventing the
onset of CRC can be summarized as follows:

(1) The inactivation of enzymes implicated in the development of cancer;
(2) The enhancement of the population of beneficial gut bacteria with immune-

modulating effects;
(3) The establishment of a protective barrier against pathogen infection;
(4) The ability to bind to carcinogens [82].

The strengths of our study are represented by the presentation of the most recent data,
which indicate the role of the intestinal microbiota in the development of CRC. Gaining
insight into the mechanisms that explain this pathogenic relationship can pave the way for
the development of prognostic scores for CRC, as well as the development of novel targeted
therapies. Despite substantial investigation and encouraging findings, the application
of intestinal microbiota in the diagnostic and therapeutic management of CRC patients
remains limited at present. This can be considered one of our research’s limitations.

4. Conclusions

Screening strategies have resulted in a decrease in CRC-associated mortality. Never-
theless, CRC continues to be a significant public health issue, currently ranking as the third
most common cause of cancer-related mortality globally. The rise in CRC cases among the
younger population, not included in screening programs, can explain this phenomenon.
These findings emphasize the immediate necessity for further investigation focused on
enhancing the diagnostic and therapeutic management of CRC. One of the pillars of the
pathogenesis of this type of cancer is the intestinal microbiota. The manipulation of the mi-
crobiota can reduce the risk of evolution toward CRC, but at the same time, it can improve
the prognosis of these patients by reducing their resistance to chemotherapy. Furthermore,
researchers have identified the microbial composition and molecular functions of the in-
testinal microbiome as crucial biomarkers in predicting response to immunotherapy [78].
Thus, the evaluation of the intestinal microbiome can serve not only as a biomarker for
predicting the risk of CRC but also as a potential target for increasing the efficiency of
immunotherapy. Approaches to modulating the gut microbiome include dietary interven-
tions, probiotic/prebiotic supplementation, fecal microbiota transplantation, and antibiotic
therapy [78].
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