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Abstract 

 

The human colon harbours a high number of microorganisms that were reported to play a 

crucial role in colorectal carcinogenesis.  In the recent decade, molecular detection and 

metabolomic techniques have expanded our knowledge on the role of specific microbial 

species in promoting tumorigenesis.  In this study, we reviewed the association between 

microbial dysbiosis and colorectal carcinoma (CRC). Various microbial species and their 

association with colorectal tumorigenesis and red/processed meat consumption have been 

reviewed. The literature demonstrated a significant abundance of Fusobacterium nucleatum, 

Streptococcus bovis/gallolyticus, Escherichia coli, and Bacteroides fragilis in patients with 

adenoma or adenocarcinoma compared to healthy individuals.  The mechanisms in which 

each organism was postulated to promote colon carcinogenesis were collated and summarised 

in this review.  These include the microorganisms’ ability to adhere to colon cells, modulate 

the inhibition of tumour suppressor genes, the activations of oncogenes, genotoxicity and 

activate downstream targets responsible for angiogenesis.  The role of these microorganisms 

in conjugation with meat components including N-nitroso compounds, heterocyclic amines, 

and heme was also evident in multiple studies.  The outcome of this review supports the role 

of red meat consumption in modulating CRC progression and the possibility of gut 

microbiome influencing the relationship between CRC and diet.  The study also demonstrates 

that microbiota analysis could potentially complement existing screening methods when 

detecting colonic lesions.   
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INTRODUCTION 

The complex microbiota of the colon and its high exposure to environmental agents 

has resulted in heightened interest to deduce the interrelationship between colorectal cancer 

(CRC), microbiota, and diet. Through microbial meta’omics, many studies have attempted to 

explain the relationship between colorectal carcinogenesis and microbial communities (1-13). 

This understanding is not restricted to the interaction between microbial genre and the colon 

but rather expands to specific relationships between individual microbial species and CRC 

development(14). Several studies have proposed different pathogenic effects of the CRC-

associated bacteria which include induction of chronic inflammation, the transformation of 

host metabolites into carcinogens, expression of toxins with oncogenic properties, and 

damage of barrier function (15, 16). Likewise, dietary compounds including red and 

processed meat were deemed to damage the intestinal mucosa and favour cancer development 

(17-20). Epidemiological studies have demonstrated that long-term consumption of red and 

processed meat is coupled with an increased risk of colon cancer (21).  This prompted the 

International Agency for Research on Cancer, a specialised cancer agency of the WHO, to 

review 800 relevant scientific pieces of literature and made conclusive evidence that 

processed meat is carcinogenic to humans, while red meat may be carcinogenic to humans 

(22). Molecules found in red and processed meat, including heterocyclic amines, n-nitroso 

compounds, heme, and protein supported this conclusion by providing strong mechanistic 

evidence of the association (17-20).   

 

Dysbiosis is a disturbance in the composition, structure or function of the healthy 

colonic microbiota that leads to an interruption of the normal microbe-host homeostatic 

relationship (23).  It remains uncertain whether dysbiosis is the consequence or cause of diet-

induced inflammation. Limited information is available on the operation of microbial species 

in a complex microbial environment and its dynamics in response to diet and the host 

immune response. In consideration of the multifactorial and polymicrobial aetiology of CRC, 

as well as the availability of reductionist scientific experimental paradigms, this review aims 

to present the cross-talk of human intestinal microbiota and red meat consumption with the 

host. In this study, we have discussed the association between CRC, microbiota, and diet 

through three different frameworks: [1] The role of specific microbes in CRC [2]; The role of 

microbial communities in CRC [3]; The association of microbiota and red/processed meat in 
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CRC. Due to the limited studies in this area, this review presents a brief description of the 

role of microbial communities in CRC (Figure 1).   

 

METHODS 

Relevant research in the last 30 years about the deregulation of intestinal microbiota 

and its association with colorectal carcinogenesis were mainly identified using the PubMed 

database. Articles were also accessed through the University library catalogues, MEDLINE, 

and Google Scholars. The search terms used were  “colon and rectal cancer”, “microbiota”, 

“meat” and “processed or red”. Articles were eligible for consideration in this literature 

review if they were full text, written from 1951 to the present and in English. In total, 320 

journal articles were gathered according to the relevance of their title and publishing date and 

approximately 175 articles were thoroughly reviewed.  The relevant sources were organized 

through EndNote Referencing Tool [version X8.2].  

 

DISCUSSION 

 

Microbial dysbiosis has been associated with colon cancer.  Metabolic and 

metagenomic analysis studies suggest that CRC-associated samples have different species 

compositions compared to control (Table 1).  However, inflammation and microbial 

dysbiosis may not be sufficient alone to promote tumorigenesis.  Complex interactions 

between established risk factors for cancer including genetics, obesity, dietary intake, and 

alcohol consumption seem to alter the gut microbiota to contribute to colorectal 

carcinogenesis (24, 25) (Figure 1).   

 

Individual bacterial species and colon cancer risk 

 

Understanding the bacterial species associated with CRC is essential for developing 

new, specific and sensitive molecular tools to help in the early detection of colonic diseases 

(13). Moreover, such as in genetic tumour profiles, finding abundant microorganisms in 

tumours might become a routine test to guide patient prognosis and management. A list of 

relevant bacterial species and its role in colorectal carcinogenesis are detailed below.  
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Fusobacterium nucleatum 

 

Genomic methods, including 16 rDNA and shotgun metagenomics analysis, suggest 

Fusobacterium nucleatum as a potential bacterium contributing to CRC pathogenesis.   

Kostic and colleagues were the first to show that F. nucleatum promotes myeloid infiltration 

of intestinal tumours in ApcMin/+ mice and increases the expression of pro-inflammatory 

genes such as Ptgs2(COX-2), Scyb1(IL8), Il6, Tnf (TNFα) and Mmp3 (26). Subsequent 

studies including fluorescent in situ hybridization (FISH) and quantitative PCR (qPCR) 

further confirmed the rise of F. nucleatum in the colonic mucosa, tissues and faeces of 

patients with adenomas or adenocarcinomas compared to healthy individuals (12, 27). These 

results have been consistent throughout different stages of CRCs and across diverse ethnic 

populations (12, 27).  

Recent studies also suggest that F. nucleatum levels are valuable for CRC diagnosis 

(28).  However, Kostic et al. revealed that the abundance of F. nucleatum could be persistent 

in both healthy and CRC hosts suggesting that F. nucleatum detection alone is not robust 

enough as a biomarker for CRC (26). Investigation of human colonic tissues has revealed 

complex mechanisms in which F. nucleatum promotes a pro-tumorigenic microenvironment. 

Yang et al. incubated CRC cell lines with F. nucleatum in mice and analysed their microRNA 

(miRNA) expression patterns (29).  Results demonstrated that F. nucleatum upregulates 

inflammatory factors and microRNA21 through toll-like receptors (TLR) (29).  F. nucleatum 

was also seen to affect the downstream targets of miR21, including the oncoprotein RAS P21 

Protein Activator 1 (RASA1) and tumour suppressor programmed cell death protein 4 

(Pdcd4) (29).  Experimental evidence suggests that the aberrant expression of RASA1 in 

CRC leads to the activation of RAS-mitogen-activated protein kinase (MAPK) cascade (30).  

Therefore, F. nucleatum’s upregulation of miR21 is strongly correlated with the activation of 

the MAPK cascade, which could, in turn, contributes to CRC development (29). (Figure 

2a,2b) 

Abed and colleagues have identified that polysaccharide D-galactors-b (1-3)-N-

acetyl-D-galactosamine (Gal-GalNAc), an early biomarker for colon carcinogenesis, was 

overexpressed in colorectal cancer tissues compared to normal colonic tissues (31).  The 

same study has also noted an increased number of F. nucleatum binding to CRC tissues, as 

opposed to the normal colon. The high levels of F. nucleatum were related to the high 

expression of Gal-GalNAc which binds to fusobacterial lectin Fap2 in CRC tissues (31).  The 
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immunological consequences of F. nucleatum translocation to tumour sites remains unclear.  

Gur et al. have demonstrated that Fap2 of the bacteria facilitates immune evasion and thereby 

promotes tumour growth and progression (32) [Figure 3b].  This is achieved through binding 

to T-cell immunoglobulin and ITIM domain (TIGIT) expressed on natural killer (NK) cells 

and T cells (32). Further research targeting the pathological effects of the TGIT-Fap2 is 

essential as inhibiting this interaction has potential therapeutic implications in CRCs (Figure 

3).   

Experiments by Rubinstein et al. demonstrated a relationship between FadA 

component of F. nucleatum and E-cadherin, a cell adhesion molecule and a tumour 

suppressor that functions through the β-catenin signalling pathway (33) [ Figure 3a].   In the 

presence of F. nucleatum, the FadA portion interacts with E-cadherin inhibiting its tumour 

suppression activity and activating β-catenin signalling pathway in a similar mechanism as 

that of other growth factors such as endothelial growth factor (EGF) and vascular endothelial 

growth factor (VEGF). This will, in turn, result in the activation of oncogenes, Wnt genes, 

and inflammatory genes. (33)  (Figure 4). 

Recent studies support the potential role of F. nucleatum in mediating the association 

between diet and colorectal neoplasms (34). Interestingly, foods rich in red and processed 

meat were associated with F. nucleatum positive tumours but not with F. nucleatum negative 

tumours (34). Also, this association was stronger for proximal colon cancers compared to 

distal colorectal cancers (34). The altered levels of F. nucelatum and its association with 

colorectal cancers across different populations could be attributed to differences in the diet 

(27). Phenotypically, F. nucleatum has the ability to ferment undigested proteins to produce 

hydrogen sulfide (35), which could induce carcinogenesis in the colon (36).  

Streptococcus gallolyticus subsp. gallolyticus (Sgg)  

Since 1951, clinical studies linked the presence of Streptococcus bovis biotype I, 

renamed S. gallolyticus subsp. gallolyticus (Sgg), to colon carcinoma (37). Recently, Kumar 

et al. established the tumour-promoting role of Sgg that involves specific bacterial and host 

factors (38). The strong association between Sgg and CRC indicates that the bacterium may 

have specific pathogenic traits that aid in the promotion and spread of cancer.  
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S. bovis/gallolyticus can adhere to colon epithelial surfaces and can bind to heparin 

sulphate proteoglycans on malignant cells through its histone-like protein A (39) or to 

components of the extracellular matrix (ECM) such as collagen (40). The bacterium pili 

demonstrate phase-variable expression, which is an advantageous feature for its colonisation 

around tissues and evasion of the host immune responses (41). The pili are also highly 

immunogenic and hence anti-pilins IgG could potentially be an ideal serological diagnostic 

tool in patients with early adenomas (42).  

 

Upon binding to tissues with a malignant phenotype, multiple in vitro experiments 

demonstrated that S.bovis/gallolyticus proteins stimulate the production of inflammatory 

cytokines (43). These inflammatory cytokines, in turn, mediate the production of free radicals 

and thereby the expression of nitric oxide enzyme (NOS2) producing nitric oxide (NO) (44, 

45).  In the colonic epithelial cells, NO was seen to directly regulate oncogenes or tumour 

suppressor genes to promote its carcinogenic properties (46).  The NO, produced by 

S.bovis/gallolyticus, can activate NFκB, an inflammation-induced carcinogenesis 

transcription factor. This mediates angiogenesis through activation of vascular endothelial 

growth factors, and cellular proliferation through COX-2 production and c-Myc and cyclin-D 

activation (46). (Figure 5).   

 

Studies have also revealed that the production of cell proliferation markers following 

the bacteria colonisation increases the risk of colonic adenomas by 50%, which provides 

further evidence on the role of Sgg “as promoter/propagator of colorectal carcinoma rather 

than just a consequence of the colorectal tumours” (43).  Aymeric and colleagues have 

suggested that the bacterium benefits from tumour metabolites, and can kill closely related 

enterococci commensals through an SGG-specific bacteriocin, gallocin, thereby allowing a 

better colonisation niche (47). Gallocin activity is improved in the presence of secondary bile 

acids, an established risk factor for CRC (47). It was also shown that the presence of pre-

malignant conditions and  APC gene mutation enhances Sgg colonization in a gallocin-

dependent manner (47). In addition, the Wnt pathway activation, one of the earliest signalling 

alternation in CRC, decreases the expression of bile acid apical transporter gene thereby 

establishing a new link between Wnt pathway activation and high levels of secondary bile 

acid (47). Furthermore, Sgg colonisation, accompanied by APC mutation and increased 

carcinogenic secondary bile acids could potentially be part of a tumorigenesis triangle (42).   
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Recent studies have indicated that Sgg is a passenger and cancer-promoting bacterium 

and may thus act as a marker for CRC screening (42). A most recent study by Thomas et al. 

have further confirmed S. gallolyticus as a potential marker for CRC (13). However, since it 

requires pre-malignant conditions for colonisation, Sgg might not induce carcinogenesis but 

rather accelerates its pathogenic progression (42). Also, the evidence of the bacteria in the 

transformation of aberrant crypts to adenoma and cancer could aid in the early detection of 

colorectal lesions and thereby act as a potential target in colon carcinogenesis (42, 47).   

Escherichia coli 

Certain E. coli strains including B2 genotoxic E. coli, and Enteropathogenic E.coli 

(EPEC) or tightly adherent E. coli are frequently colonise the colorectal mucosa (48). During 

carcinogenesis, the colonic epithelial changes mainly the loss of tight junctions, increases the 

internalisation of E. coli to the tumour tissues (49). Inflammatory mediators, including IFN 

and TNF, in the carcinogenic microenvironment, upregulate the expression of 

carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6) (49).  Upregulation 

of CEACAM6 could lead to the adhesion, invasion and multiplication of E. coli type 1 pili in 

the colonic epithelium (49), which further promotes tumour survival. 

Arthur et al. provided the first evidence of the prevalence of E. coli strains of B2 

phylotype in colorectal cancers compared to healthy individuals (14). In the B2 phylogroup, 

the expression of polyketide synthase (pks) island containing genotoxin colibactin peptide is 

thought to induce double-strand breaks in DNA (48). The defined genotoxic factors such as 

cytolethal distending toxin or undefined genotoxic factors (49) can also modulate the 

enterocyte transformation and induce inflammatory reactions in the intestinal epithelium (50).  

An alternative hypothesis suggests that rather than a carcinogen, colibactin is a bacteriocin 

that kills commensals, which gives the phylotype a selective advantage (51).  

Bacteroides fragilis  

The adherence of Enterotoxigenic Bacteroides fragilis (ETBF) to colonic epithelial 

cells and its impact on carcinogenesis are yet to be proven. ETBF can cause direct DNA 

damage and modulate gene expression through multiple gene signalling pathways.  Wu et al. 

demonstrated that mice heterozygous for the APC gene (Apc Min/+) experience increased 

adenocarcinoma growth rate and distribution when incubated with ETBF (52). This is due to 
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the selective TH17 response, which directly contributes to ETBF-induced tumorigenesis (52). 

The colonisation of the colonic epithelial cells with ETBF as well as the expression of 

Bacteroides fragilis toxin (BFT) have led to signal transduction that cleaves E-cadherin (53).  

This results in the release of β-catenin, which activates tyrosine kinases, MAPKS, and NFĸB 

(54). Since BFT mucosal exposure activates Wnt/ β -catenin and NFĸB signalling pathways 

and promotes the expression of proto-oncogenes including MYC, B. fragilis might act as a 

single most important risk factor for CRCs (54).  Serological detection of Anti-BFT 

antibodies might be useful in detecting the rise of ETBF levels and thereby detecting 

subclinical colonic damages early on.   

 

 

The role of microbial communities in CRC 

Even though each of the microorganisms mentioned above plays a mechanistic role in 

certain CRC cases, none of them is present in every patient with colorectal carcinomas. The 

gut microbiota is quite complicated and hence, it is potentially simplistic to consider one 

species solely responsible for CRC without considering the interplay amongst other microbial 

species and between the microbe and the host.  

 

Multiple studies investigated the potential of gut metagenomic and metabolomic 

parameters as diagnostic markers for CRCs. Detection of single biomarkers such as fadA, bft, 

and the pks island in sequenced faecal metagenomes varied broadly with respect to 

abundance, significance, and cross-study consistency (55). Also, combination models that 

considered species, genes, and metabolites all together for CRC detection outperformed 

models that considered each factor independently (12). The progression of CRC is reported to 

be linked with the presence of cancer-associated microorganisms and the microbial 

communities (56-58). Wong et al. showed that faecal microbiota from patients with CRC 

promotes tumorigenesis in germ-free and conventional mice (56). Other studies demonstrated 

the harbouring of microbial communities in the colon in biofilm-like structures (57, 58). 

These biofilm structures were seen to induce CRC in murine models regardless as to whether 

the biofilms were from healthy individuals or patients with CRCs (58). Hence, it is postulated 
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that predicting CRC from a single microorganism, metagenomic or metabolic dataset results 

in reduced accuracy.  

 

The possibility of sequential microbial exposure in promoting CRC is still unclear.   

S. gallolyticus has been proposed to promote carcinogenesis via adhesion and colonisation 

around tumorous tissues by the members of Fusobacterium spp (59). A recent study by Dejea 

et al. showed that mice colonised with colibactin E.coli and enterotoxigenic B. fragilis  

demonstrated a rise in interleukin-17 in the colon and DNA damage with faster tumour 

progression and higher mortality compared to mice colonised with either strain alone (57). 

The co-abundance of F. nucelatum and Solobacterium moori in intramucosal carcinoma 

might also indicate contributions of both species to initiate events of CRC (12).   

 

Furthermore, the metagenomic and metabolic analysis revealed disease-specific shifts 

in gut microbial composition, gene abundance, and metabolites of gut microbiota that are 

distinct to each CRC stage (12, 13, 55). These were reproducible across different cohorts and 

can overcome technical and geographical study differences (55). This strongly supports the 

potential of polymicrobial CRC screenings and diagnostics that are sufficiently robust, 

sensitive, and cost-effective for pre-colonoscopy screening tests (55). Prospective studies on 

the effectiveness of these biomarkers in identifying individuals at elevated risk of CRC are 

needed.   

 

Diet, Microbiota and Colon Cancer 

A diet rich in red and processed meat has been linked to colorectal carcinogenesis 

(22).  The intricate metabolic and inflammatory mechanisms underlying the diet-cancer 

association remains unclear.  However, it is postulated that dietary components or their 

microbial metabolism are strong determinants of gut microbiota function and composition. 

Microbial dysbiosis can induce changes in host gene expression and inflammatory responses, 

thereby promoting an oncogenic microenvironment. In this section, we review the 

mechanistic evidence regarding the associations between microbes, red/processed meat, and 

colon cancers. The major carcinogenic factors associated with red and processed meat 

consumption include heme compounds, heterocyclic amines, n-nitroso compounds, and 

undigested proteins (Figure 6). Apart from their direct carcinogenic effect, these molecules 

can modify gut microbiota and consequently affect gene expressions and colorectal epithelial 

cell homeostasis to favour CRC development (17-20).  
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We reviewed a large body of research that attempts to establish a link between diet, 

microbes, and CRC.  This section will discuss various carcinogenic molecules from 

red/processed meat and their potential interaction with microorganisms in the colorectum.  

 

Heterocyclic amines 

The heterocyclic aromatic amines (HCAs) are considered as a potential carcinogen 

and are generated from amino acids in red meat under high temperatures (60). Studies 

demonstrated that β-Glucuronidase bacteria could release mutagenic intermediates from HCA 

(17, 61).   The dietary carcinogen 2-amino-3-methyl-3H-imidazo[4,5-f]quinoline (IQ), one of 

the most widespread HCAs in the human diet, causes direct DNA damage upon activation by 

gut microsomal enzymes (61).  Also, incubation of human faeces with heterocyclic amine IQ 

under anaerobic conditions leads to the formation of 2-amino-3,6-dihydro-3-methyl-7H-

imidazo(4,5)-fquinoline-7-one (HOIQ) (62). HOIQ is a direct-acting genotoxin even without 

microsomal activation as opposed to IQ.  Though there is limited evidence, Humblot et al. 

have identified E. coli as one of the species with such genotoxic potential (63). These 

findings suggest that there might be a potential role for certain microbial species in mediating 

the association between red meat consumption and CRC progression.   

 

 

Heme 

Extensive research has been conducted to determine a causal effect between heme in 

red meat and colon cancer.  Firstly, heme was noted to increase the risk of colon cancer by 

inducing epithelial damage and reducing cell death through downregulating pentraxin, a 

protein which inhibits apoptosis (64, 65). The damage to the epithelial surface leads to 

compensatory hyperproliferation of epithelial cells in the intestinal crypts and increases CRC 

risk (66). The hyperproliferation effect was only evident in mice models, whereby the 

microbiota was preserved (64).  Also, the absence of microbiota, through antibiotic 

admission, was seen to stop the differential expression of oncogenes, tumour suppressors, and 

cell turnover genes thereby preventing the effect of heme toxicity on the epithelium (64).   

Besides, heme increases reactive oxygen species (ROS) production, which induces 

cytotoxicity, lipid peroxidation, and redox modification of lipids and proteins (64, 66). All 

these factors are previously reported to be linked with colorectal carcinogenesis (64, 66).   

 



12 
 

The heme iron-induced lipid peroxidation can catalyses the formation of aldehydes 

including malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) (18). Previous studies 

have detected these molecules in faecal samples as thiobarbituric acid reactive substances 

(TBARs) (67). MDA binds to DNA to form mutagenic adducts whereas 4-HNE promotes 

apoptosis of healthy cells (18). In a study by Martin et al., the rats were given diets rich in 

heme and resulted in increased faecal TBARs. This was later suppressed by antibiotic 

treatment (67). Hence, the intestinal microbiota is involved in the enhancement of 

lipoperoxidation by heme iron. Lipid peroxides can also react with heme to form cytotoxic 

heme factor (CHF) (68). This reaction is only present in the colon, suggesting the role of 

microbiota in promoting cytotoxicity in the colonic epithelium (68). 

 

Several studies have confirmed the association between dietary heme and microbial 

dysbiosis (69). Schepens and colleagues have shown that dietary heme (0.5 μmol/g diet) 

promotes the growth of gram-negative enterobacteria in rats and have decreased the growth 

of gram-positive lactobacilli in faecal samples, thereby increasing CRC risk (69). The number 

of faecal enterobacteria including E.coli was also noted to be raised by 10-folds in heme-fed 

rats compared to the controls (69). In another study, Bacteroidetes including B.fragilis and 

Proteobacteria including E.coli were overexpressed in heme fed rodents and facilitated heme-

induced hyperproliferation and hyperplasia (70). These microbiota changes contribute to a 

greater risk of carcinogenesis as discussed in the previous sections. Furthermore, heme-based 

diets could increase the levels of sulfide-producing mucin degrading microbiota such as 

Akkermansia muciniphila (64). This can in turn damage the colonic mucus layer and can 

promote CHF induced epithelial degradation in the colon (64) 

 

N-nitroso Compounds  

  

N-nitroso Compounds (NOC) are found in food containing nitrites and nitrates as well 

as food that has been exposed to nitrogen oxide (20). NOCs can act as DNA alkylating agents 

and can induce gene mutations which are responsible for cell proliferation and differentiation 

(20). In addition, heme derived from red meat can promote the endogenous formation of 

NOCs and promote carcinogenesis (71) Therefore, it has been hypothesised that a diet with 

high levels of NOCs increases the risk of CRCs (20). The nitro groups, from the diet, can be 

reduced to an aromatic amine in the large intestine, a reaction knowns as N-nitrosation (20).  

The activity of nitroreductases was found to be highly dependent on the colonic microbiota, 
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which is influenced by the diet (20).  Diets rich in meat and low in fibre were seen to increase 

the nitroreductase activity of intestinal bacteria (72), whereas probiotic bacteria including 

Lactobacillus casei and Lactobacillus acidophilus reduces the nitroreductase activity in the 

intestine and thereby lessens the risk of CRC (73).  

 

 

Protein 

Fermentation products of red meat proteins such as hydrogen sulfide, ammonia, 

secondary bile acids, and phenolic compounds seem to increase CRC risk (36). Heme itself 

was seen to promote the production of these bacterial fermentation products (74). Like heme, 

hydrogen sulfide has genotoxic and mucolytic properties and can damage the epithelium,  

induce chronic inflammation, and influence epithelial proliferation/differentiation (36). 

Sulfide reducing bacteria (SRB) can produce hydrogen sulfide through fermentation of 

sulfur-containing amino acids from abundant proteins in the red meat (74). Even though 

proteins are digested in the small intestine, substantial endogenous and exogenous 

nitrogenous compounds reach the large intestine whereby they mix with the microbiota,  

undergo proteolysis and release amino acids (74). These amino acids are then fermented by 

colonic bacteria to release hydrogen sulphide. This fermentation process is achieved by 

Bacteroides, which are significantly increased by dietary heme, as well 

as Clostridium, Streptococcus, Propionibacterium, and Bifidobacterium (74). Notably, other 

SRB such as Atopobium parvulum and Actinomycosis odontolyticus, showed significant 

association with multiple polypoid adenomas and/or intramucosal carcinomas in the 

colorectum (12). Metagenomic analyses also demonstrated a co-abundance of these two 

species in early stages of colorectal cancers and a strong correlation of A. parvulum with 

Streptococcus spp (12). A. parvulum has been shown to create a network of SRB bacteria 

through its relationships with Streptococcus (12). Dissimilatory sulfate reductase subunit A 

(dsrA), which is responsible for the production of genotoxic hydrogen sulfide, was reported 

to be present in the later stages of CRC (12), while Fusobacterium spp., a SRB, found to be 

consistently increased across all CRC stages. Increases in H2S-producing bacteria even in the 

early stage of CRC suggests the interplay between microbiota, diet, and CRC.  

Fermentation products, other than hydrogen sulphide, include ammonia and phenolic 

compounds, toxic substances that promote DNA damage and affect the homeostasis and 
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renewal of colonic epithelial cells (75). After a week of supplementation with protein-rich 

foods, excessive ammonia alters cell viability and nucleic acid synthesis and promote cancer 

cell growth in-vitro (75). Another study by Davila et al. have shown that phenol, the end-

product of tyrosine and phenylalanine degradation, reacts with the nitrites to produce p-

diazoquinone, a chemical compound which possesses strong mutagenic activity in-vitro (74).  

Secondary bile acids are another meat-dependent microbiome factor that can 

contribute to carcinogenesis. Deoxycholate, a secondary bile acid, is elevated in multiple 

polypoid adenomas which could correlate to the rise of Bilophila wadsworthia in early CRC 

stages (12). B. wadsworthi, alongside other intestinal microbiota is known to contribute to the 

conversion of primary to secondary bile acids. One of the products of this pathway, 

deoxycholate, has the potential to induce DNA damage and mutations . Recently, Yachida et 

al. have demonstrated that B. wadsworthia is positively correlated with the intake of dietary 

protein and meat (12). Furthermore, carcinoma-enriched bacteria that produce short-chain 

fatty acids through amino acid fermentation, and/or bacteria that metabolise bile acids 

showed a positive correlation with the consumption of red meat (10). The elevated production 

of secondary bile acids and short-chain fatty acids from CRC metagenomes, suggest a 

metabolic link between cancer-associated gut microbes and fat- and meat-rich diet. 

 

Challenges 

While a large body of research points towards individual microbes as the protagonist 

for CRC, there is limited evidence on the absolute quantification and its relationship with 

colon cancer progression. Also, the in-vivo confirmation of the pathogenic synergy between 

individual microbes and colorectal carcinogenesis is not well investigated. Relying on 

mucosal samples, rather than faecal, may provide a more inclusive assessment of microbiota 

changes; bacterial adherence to the epithelium and biofilm formation (11). The use of 

different samples (faecal and tissue) across the studies might have limited the reproducibility 

of the results, which may explain the inconsistency among certain studies (Table 1).  Host 

genetic polymorphism, diet, and environmental factors are also contributing to the major 

sources of discrepancies when comparing microbial profiles (10). Ensuring a consistent age 

group and collecting metadata on host parameters, including family and medical history, 

tumour microenvironment, and medication history has accounted for confounding factors in 

multiple studies.  



15 
 

 

Conclusion 

This study attempts to summarise the literature findings specific to the association of 

relevant microorganisms, microbial dysbiosis, and the consumption of red/processed meat 

with CRC.  The utilisation of different omic observational approaches to compare human 

colon cancer mucosa and fecal samples with that of healthy individuals are more suited to 

translate microbial changes in CRC. Specific microorganisms including Fusobacterium 

nucleatum, Streptococcus bovis/gallolyticus, Escherichia coli, and Bacteroides fragilis were 

abundant in the colonic mucosa and faeces of patients with adenoma or adenocarcinoma.  

Fusobacterium nucleatum can upregulate the production of inflammatory factors and activate 

signalling pathways that inhibit tumour suppressor genes in the colorectum.  The Fap2 

component of the bacterium also facilitates immune evasion and tumour growth.  Multiple 

research suggested that Streptococcus bovis/gallolyticus can adhere to epithelial surfaces, 

induce free radical damage, directly regulate oncogenes or tumour suppressor genes, and 

mediate cellular proliferation in the colorectum.  Similar effects were seen by Escherichia 

coli and Bacteroides fragilis.  Despite extensive research on the specific microorganism, the 

possibility of sequential microbial exposure in promoting CRC remains unclear.  Red and 

processed meat were found to have multiple carcinogenic molecules which are inducible by 

these microorganisms.   Deducing a strong association with regards to specific species, 

microbial communities, or ingested red/processed meat are all potential approaches for 

improving the cancer risk and providing target points for diagnosis, treatment, and therapy.  

Analysis of the microbiome is also critical in understanding how these interactions influence 

the development of colon cancer.  
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Figure legends 

Figure 1. Framework for the factors influencing colon cancer initiation and progression 

and the microbial composition and concentration in the small and large intestine.  Host 

factors include obesity and fat intake, commensal microbiota, and genetics including genetic,  

mutations and polymorphism.  The identified involved genes include APC, RAS, PIK3CA, 

FBXW7, KRAS, TP53. The microbiota can affect inducing the expression of these genes. 

Three main frameworks were proposed for the multifactorial polymicrobial nature of CRC: 

[1] The role of specific microbes in CRC [2] The role of microbial communities (acting in 

synergy) in CRC [3] The role of microbiota and diet in CRC. Several mechanisms are 

proposed to explain CRC-associated bacteria including [a] induction of chronic inflammation 

[b] transformation of host metabolites into carcinogens [c] Expression of toxins with 

oncogenic properties [d] damage of barrier function (15). Inflammation-induced by the 

factors above trigger neoplastic changes leading to carcinogenesis. Microbial composition 

and concentration were adapted from Balfour (16).   

 

Figure 2: Fusobacterium nucleatum induces tumour growth and proliferation. 

Fusobacterium nucleatum activates NFĸB signalling pathway through toll-like-receptors 

(TLR(.  This upregulates the transcription of miR-21 which is then hypothesised to act in two 

different mechanisms [a] activation of RAS which phosphorylates transcription factor ERK 

thereby increasing growth and proliferation [b] inhibition of Pdcd4 which is responsible for 

the inhibition of tumour promotion and progression 

 

Figure 3: Tumour immune tolerance and Fusobacterium nucleatum. [ a] Galactose- and 

N-acetyl-d-galactosamine (Gal-GalNAc) is overexpressed on tumour cells. This increases the 

binding of Gal-GalNAc with F. nucleatum protein FAP-2. [b] the increase of F. nucleatum in 

the tumour microenvironment promotes its escape from immune cells. The binding of FAP-2 

with TIGIT (T cell immunoglobulin and ITIM domain) inhibits the function of natural killer 

cells [purple] and T cells [green].  

 

 

Figure 4: Fusobacterium nucleatum mediates the expression of oncogenes. The 

interaction between the FadA component of F .nucleatum and E-cadherin stimulates a 

carcinogenic pathway that is often induced via endothelial growth factors (EGF) and vascular 
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endothelial growth factors (VEGF).  This pathway induces the dissociation of β-catenin from 

α-catenin and translocates it into the nucleus for β-catenin-regulated transcription. This 

results in the activation of oncogenes, Wnt genes, and inflammatory genes, a phenotype that 

is consistent with adenomatous polyposis coli (APC) mutation.   

 

Figure 5: Streptococcus bovis/gallolyticus adheres to the epithelium, initiates 

inflammation, promotes angiogenesis and proliferation. The role of Streptococcus 

bovis/gallolytics in promoting different stages of carcinogenesis is demonstrated.  [A] 

Streptococcus bovis/gallolyticus, through a histone-like protein A and collagen-binding 

proteins, can bind respectively to heparin sulphate proteoglycans on malignant cells and 

collagen I, II, III, and IV in the extracellular matrix. [B] The adherence of the bacterium to 

malignant cells stimulates the production of inflammatory cytokines which induce 

carcinogenic free radical damage and the expression of inducible nitric oxide enzyme  

(NOS2) coded by NOS2 genes. [C] The activation of NOS enzymes promotes nitric oxide   

(NO( production thereby inducing oncogene activation and tumour suppressor gene 

inactivation. NO also facilitates the production of vascular endothelial growth factors through 

the activation of NF-B.  [D] NO, bacterial proteins and inflammatory mediators induce 

COX-2 mediated prostaglandins production, which mediates cellular proliferation. The 

bacterium also increases β-catenin levels which induce cellular proliferation through c-Myc 

and cyclin-D activation. 

 

Figure 6: Microbiota, Red/Processed meat, and Colon Cancer. The microbial 

composition differs in relationship to colorectal cancer progression. Processed/Red meat is 

seen to mediate CRC progression. (A) Heme: Heme promotes carcinogenesis through 

inducing epithelial damage and reducing cell death through pentraxin downregulation. This 

leads to compensatory hyperproliferation which is mediated by the microbiota. Heme induces 

lipid peroxidation which produces a malondialdehyde (MDA) and 4-hydroxynonenal (4-

HNE), carcinogenic aldehydes. Heme also promotes microbial dysbiosis and increases 

sulfide-producing bacteria (SPB) which damages the mucosa thereby exposing the epithelium 

to carcinogens. Lastly, heme promotes the endogenous formation of N-nitroso compounds 

(NOC). (B) N-nitroso compounds: NOC are also found in food containing nitrates.  The 

microbiota increases the activity of nitro-reductase which converts nitrates to NOC, a 

carcinogen. (C) Heterocyclic amines: Heterocyclic amines (HCA) are generated from amino 

acids in meat under high temperatures. β-Glucuronidase bacteria can release mutagenic 
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intermediates from HCA. (D) Undigested proteins: Bacterial fermentation products of red 

meat proteins such as hydrogen sulphide, ammonia, secondary bile acids, and phenolic 

compounds seem to increase CRC risk. Secondary bile acids increase the production of 

gallocin, a bactericidin (produced by Sgg) which promotes dysbiosis.   
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Figure 1 
Framework for the factors influencing colon cancer initiation and progression and the 

microbial composition and concentration in the small and large intestine. Host factors include 

obesity and fat intake, commensal microbiota, and genetics including genetic, mutations, and 

polymorphism. The identified involved genes include APC, RAS, PIK3CA, FBXW7, KRAS, 

and TP53. The microbiota can affect inducing the expression of these genes. Three main 

frameworks were proposed for the multifactorial polymicrobial nature of CRC: (i) the role of 

specific microbes in CRC, (ii) the role of microbial communities (acting in synergy) in CRC, 

and (iii) the role of microbiota and diet in CRC. Several mechanisms are proposed to explain 

CRC‐associated bacteria including (i) induction of chronic inflammation, (ii) transformation 

of host metabolites into carcinogens, (iii) expression of toxins with oncogenic properties, and 

(iv) damage of barrier function.15 Inflammation induced by the factors earlier triggers 

neoplastic changes leading to carcinogenesis. Microbial composition and concentration were 

adapted from Balfour. 
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Figure 2 
Fusobacterium nucleatum induces tumor growth and proliferation. Fusobacterium 

nucleatum activates NFĸB signaling pathway through toll‐like receptors (TLR). This upregulates 

the transcription of miR‐21, which is then hypothesized to act in two different mechanisms: (a) 

activation of RAS which phosphorylates transcription factor ERK thereby increasing growth and 

proliferation and (b) inhibition of Pdcd4 which is responsible for the inhibition of tumor promotion 

and progression. 

 

Figure 3 
Tumor immune tolerance and Fusobacterium nucleatum . (a) Galactose and N‐acetyl‐D‐

galactosamine (Gal‐GalNAc) is overexpressed on tumor cells. This increases the binding of Gal‐

GalNAc with F. nucleatum protein FAP‐2. (b) the increase of F. nucleatum in the tumor 

microenvironment promotes its escape from immune cells. The binding of FAP‐2 with TIGIT (T 

cell immunoglobulin and ITIM domain) inhibits the function of natural killer cells (purple) and T 

cells (green). 
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Figure 4 
Fusobacterium nucleatum mediates the expression of oncogenes. The interaction between the 

FadA component of F. nucleatum and E‐cadherin stimulates a carcinogenic pathway that is often 

induced via endothelial growth factors (EGF) and vascular endothelial growth factors (VEGF). 

This pathway induces the dissociation of β‐catenin from α‐catenin and translocates it into the 

nucleus for β‐catenin‐regulated transcription. This results in the activation of oncogenes, Wnt 

genes, and inflammatory genes, a phenotype that is consistent with adenomatous polyposis coli 

(APC) mutation.  
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Figure 5 

Streptococcus bovis /gallolyticus adheres to the epithelium, initiates inflammation, and promotes 

angiogenesis and proliferation. The role of Streptococcus bovis /gallolytics in promoting different 

stages of carcinogenesis is demonstrated. (a) Streptococcus bovis /gallolyticus , through a 

histone‐like protein A and collagen‐binding proteins, can bind respectively to heparin sulfate 

proteoglycans on malignant cells and collagens I, II, III, and IV in the extracellular matrix. (b) The 

adherence of the bacterium to malignant cells stimulates the production of inflammatory 

cytokines, which induce carcinogenic free radical damage and the expression of inducible nitric 

oxide enzyme (NOS2) coded by NOS2 genes. (c) The activation of NOS enzymes promotes 

nitric oxide (NO) production thereby inducing oncogene activation and tumor suppressor gene 

inactivation. NO also facilitates the production of vascular endothelial growth factors through the 

activation of NF‐B. (d) NO, bacterial proteins, and inflammatory mediators induce COX‐2 

mediated prostaglandins production, which mediates cellular proliferation. The bacterium also 

increases β ‐catenin levels which induce cellular proliferation through c‐Myc and cyclin‐D 

activation. 
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Figure 6 
Microbiota, red/processed meat, and colon cancer. The microbial composition differs in 

relationship to colorectal cancer progression. Processed/red meat is seen to mediate CRC 

progression. (a) Heme promotes carcinogenesis through inducing epithelial damage and 

reducing cell death through pentraxin downregulation. This leads to compensatory 

hyperproliferation which is mediated by the microbiota. Heme induces lipid peroxidation which 

produces a malondialdehyde (MDA) and 4‐hydroxynonenal (4‐HNE), carcinogenic aldehydes. 

Heme also promotes microbial dysbiosis and increases sulfide‐producing bacteria (SPB) which 

damages the mucosa thereby exposing the epithelium to carcinogens. Lastly, heme promotes 

the endogenous formation of N‐nitroso compounds (NOCs). (b) NOCs are also found in food 

containing nitrates. The microbiota increases the activity of nitroreductase, which converts 

nitrates to NOC, a carcinogen. (c) Heterocyclic amines (HCA) are generated from amino acids in 

meat under high temperatures. β‐Glucuronidase bacteria can release mutagenic intermediates 

from HCA. (d) Undigested proteins: bacterial fermentation products of red meat proteins such as 

hydrogen sulfide, ammonia, secondary bile acids, and phenolic compounds seem to increase 

CRC risk. Secondary bile acids increase the production of gallocin, a bactericidin (produced 

by Sgg ) which promotes dysbiosis.  
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Table 1: Microbial dysbiosis and its association with colon cancer: The studies from 2012 onwards that looked into changes in the microbiota in different 

human colon cancer samples.  Samples included cancer tissue, faeces, and rectal swabs.  Other than age and genetics, the relationship between microbial dysbiosis 

and colon cancer is affected by health-compromising factors such as weight, dietary intake, and alcohol consumption.   

 

Year/Author Reference Location Participants’ 

Number    

Sample collected  Metadata  Summarised outcome  

2019/Thomas 

et al. – Cohort 

1  

(13) 

 

 

 

 

 

N/A Control (24) 

Adenoma (27) 

CRC (29) 

 

Faecal samples + Abundance of Fusobacterium nucleatum, Parvimonas 

micra, Gemella morbillorum, Peptostreptococcus stomatis, 

Solobacterium moorei, Clostridium symbiosum, 

Anaerococcus vaginalis, Porphyromonas asaccharolytica, 

Bacteroides fragilis, Porphyromonas somerae, 

Anaerococcus obesiensis, Porphyromonas uenonis, 

Streptococcus constellatus in patients compared to control 

2019/Thomas 

et al. – Cohort 

2 

(13) 

 

N/A Control (28)  

CRC (32) 

 

Faecal samples + Abundance of Fusobacterium nucleatum, Parvimonas 

micra, Gemella morbillorum, Peptostreptococcus stomatis, 

Solobacterium moorei, Clostridium symbiosum, 

Anaerococcus vaginalis, Porphyromonas asaccharolytica, 

Prevotella intermedia, Bacteroides fragilis, Porphyromonas 

somerae, Anaerococcus obesiensis, Porphyromonas uenonis, 

Peptostreptococcus anaerobius, Streptococcus constellatus, 

Granulicatella adiacens in patients compared to control 
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2019/ Yachida 

et al. 

(12) Left and 

right colon  

Rectum  

Control (251)  

Adenoma (67)  

CRC (258) 

 

 

Faecal samples + Abundance in early to late CRC stages: F. nucleatum, 

Solobacterium moorei, Peptostreptococcus stomatis, 

Peptostreptococcus anaerobius, Lactobacillus 

sanfranciscensis, Parvimonas micra, Gemella morbillorum 

Abundance in early CRC stages: Atopobium parvulum, 

Actinomyces odontolyticus, Desulfovibrio longreachensis , 

Phascolarctobacterium succinatutens, Atopobium  parvulum  

Species newly associated with CRC: Colinsella aerofaciens, 

Dorea longicatena, Porphyromonas uenonis, Selenomonas 

sputigena, Streptococcus anginosus  

Depleted in CRC: Lachnospira multipara and Eubacterium 

eligens  

Abundance in sulfide-producing bacteria: Desulfovibrio 

vietnamensis, Desulfovibrio longreachensis, and Bilophila 

wadsworthia.  

 

  

2017/Hibberd 

et al. 

 

(11) Mid-

portion of 

the 

ascending 

and 

sigmoid 

colon.  

CRC (15) Cancer tissues 

specimens/ Faecal 

samples 

 

 

+ Abundance of 

Fusobacterium, Selenomonas and Peptostreptococcus in 

tumour mucosa compared to healthy muscosa in patients. 
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2017/ Yu, J. et 

al. 

(1) N/A Control (54) 

CRC (74) 

 

Faecal samples 

 

Limited  Abundance of Fusobacterium nucleatum, Parvimonas 

micra, Gemella morbillorum, Peptostreptococcus stomatis, 

Solobacterium moorei, Clostridium symbiosum, 

Anaerococcus vaginalis, Porphyromonas asaccharolytica, 

Prevotella intermedia, Bacteroides fragilis, Anaerococcus 

obesiensis, Porphyromonas uenonis, Peptostreptococcus 

anaerobius, Streptococcus constellatus, Granulicatella 

adiacens in patients compared to control  

2016/ Baxter et 

al. 

(2) N/A CRC (490) Faecal samples Limited Abundance of Porphyromonas 

assaccharolytica, Peptostreptococcus stomatis, Parvimonas 

micra, and Fusobacterium nucleatum and lower abundance 

of potentially beneficial organisms, such as members of the 

Lachnospiraceae.  

 

2016/ 

Vogtmann et 

al. 

(3) Right and 

left colon  

Metastasis  

Control (52) 

CRC (52) 

 

Faecal samples  + Abundance of Fusobacterium nucleatum, Parvimonas 

micra, Gemella morbillorum, Peptostreptococcus stomatis, 

Solobacterium moorei, Clostridium symbiosum, 

Anaerococcus vaginalis, Porphyromonas asaccharolytica, 

Prevotella intermedia, Bacteroides fragilis, Porphyromonas 

somerae, Anaerococcus obesiensis, Porphyromonas uenonis, 

Peptostreptococcus anaerobius, Streptococcus constellatus, 

Granulicatella adiacens in patients compared to control 
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2015/ Feng et 

al.  

(10) N/A Control (61) 

Adenoma (47) 

CRC (46) 

 

Faecal samples 

 

+ Abundance of Bacteroides, Alistipes, Escherichia, 

Parvimonas, Bilophila and Fusobacterium lower abundance 

of Ruminococcus, Bifidobacterium and Streptococcus 

species in patients compared to control.  

2014/Zackular 

et al. 

 

(4) N/A 

 

 

 

 

Control (30)  

Adenoma (30)  

CRC (30) 

Faecal samples 

  

 

 

+ Abundance of Ruminococcaceae, 

Clostridium, Pseudomonas, and Porphyromonadaceae.  

Lower abundance of Bacteroides, Lachnospiraceae, 

Clostridiales, and Clostridium in patients compared to 

control.  

2014/Zeller et 

al. 

(8) N/A Control (61) 

Adenoma (42) 

CRC (53) 

 

Faecal sample - Abundance of Fusobacteria, Proteobacteria, and 

Bacteroidetes  

Lower abundance of Actinobacteria and Firmicutes in 

patients compared to control.  

 2013/ Wu et 

al. 

(9) 

 

N/A 

 

Control (19) 

CRC (20) 

Faecal samples limited Abundance of Fusobacteria, Enterococcaceae, 

Eubacteriaceae, Staphylococcaceae, Clostridiales in patients 

compared to control.   

2013/ Weir et 

al. 

(7)  Rectum, 

sigmoid, 

and 

ascending 

colon 

Control (10) 

CRC (11) 

Faecal samples  +  Abundance of Bacteroides and Prevotella in patients 

compared to control. 

Abundance of Akkermansia muciniphila and Citrobacter 

farmer in patients compared to control. 

Two Prevotella species were absent in patients  
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2012/ Chen et 

al.  

 

(6) 

 

Rectum for 

mucosal 

adherent 

microbial 

compositio

n   

 

N/A for 

other 

colorectal 

carcinoma 

tissues  

Control (56)  

CRC (46) 

Cancer 

tissues/Faeces/Rec

tal swabs    

limited Significant variation in microbial composition in intestinal 

lumen [i.e., faeces] and cancerous tissue [i.e., swab] in 

patients.   

 

Abundance of Erysipelotrichaceae, Prevotellaceae, 

Coriobacteriaceae, and Peptostreptococcaceae and lower 

abundance of Bacteroidetes and Proteobacteria in faecal 

samples of patients with colorectal cancers.   

 

Abundance of Lactobacillales in cancerous tissue and 

decreased abundance of Faecalibacterium in patients 

compared to control.  

 

Lower abundance of Bifidobacterium, Faecalibacterium, 

and Blautiawere and an increased abundance of  

Fusobacterium, Porphyromonas, Peptostreptococcus, 

and Mogibacterium in mucosa-adherent microbiota from a 

rectal swab  

2012/ Wang et 

al. 

(5)  N/A Control (56)  

CRC (46) 

Faeces  limited Abundance of Bacteroidetes Bacteroides, Firmicutes 

Roseburia, Bacteroidetes Alistipes, Firmicutes Eubacterium, 

Proteobacteria Parasuterella patients compared to control,  

Lower abundance of Bacteroidetes Porphyromonas, 

Proteobacteria Escherichia/Shigella, Firmicutes 
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Enterococcus, Firmicutes Streptococcus, Firmicutes 

Peptostreptococcus in patients compared to control  

Metadata refers to data collection from the participants on variables including weight, food and alcohol consumption, age, gender, ethnicity, and meat 

consumption.  
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