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Abstract

Diet plays critical roles in defining our immune responses, microbiome, and progression of human 

diseases. With recent progress in sequencing and bioinformatic techniques, increasing evidence 

indicates the importance of diet-microbial interactions in cancer development and therapeutic 

outcome. Here, we focus on the epidemiological studies on diet-bacterial interactions in the colon 

cancer. We also review the progress of mechanistic studies using the experimental models. Finally, 

we discuss the limits and future directions in the research of microbiome and diet in cancer 

development and therapeutic outcome. Now, it is clear that microbes can influence the efficacy of 

cancer therapies. These research results open new possibilities for the diagnosis, prevention, and 

treatment of cancer. However, there are still big gaps to apply these new findings to the clinical 

practice.
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1. Introduction

Recent studies suggest that a combination of host factors, microbial factors, environmental 

factors, and lifestyle determine the risk of cancer and the eventual clinical outcome. The 

role of gut microbiota in carcinogenesis has been heavily investigated since the recent 

advance in sequencing technology, bioinformatic techniques, and “omics” methods. Food/

diet plays critical roles in defining our immune responses, microbiome, and progression 

of diseases. More and more studies indicate the importance of diet-microbial interactions 
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in cancer development 1 and therapeutic outcome. Over 20,000 research papers (with key 

words: microbiome/microbiota + diet/dietary search) have been published in the past decade 

according to PubMed. It is impossible to cover all new papers in this article. Here, we 

intend to focus on emerging dietary risk factors, which may have interactions with gut 

microbial biological activities in modulating the risk of developing cancer in human. As 

direct interactions between microbiota and mucosal cells are a central issue, colorectal 

cancer (CRC) is the main focus of this article as well. On one hand, risk factors for 

CRC, e.g., inflammatory bowel disease (IBD), diabetes, obesity, and smoking, modify 

the profile and function of microbiome. On the other hand, the microbiota can affect the 

efficacy and toxicity of chemotherapy, radiotherapy, and immunotherapy. Here, we review 

the epidemiological evidence (primarily within recent 5 years) of diet-bacterial interactions 

in the CRC. We discuss the progress of mechanistic studies using the experimental models. 

Finally, we will discuss the limits and future directions in the research of microbiome and 

diet in cancer development and treatment, including CRC.

2. Diet-gut microbiome and CRC studies in humans

2.1. Diet-gut microbiome interaction in cancer development

Epidemiologically speaking, there are two types of diet-bacterial interactions to be 

considered. One is synergistic or antagonistic interaction, where combined effect of diet and 

bacteria is significantly higher (synergistic) or lower (antagonistic) than that expected from 

the effects of diet or bacteria alone. Thus far, only a few studies have directly addressed this 

type of interactions. The second is mediation, where a part of effect of diet on cancer risk 

is mediated through gut microbial activities. While investigators have extensively studied 

the associations between gut microbiota-derived dietary metabolites and cancer risk, a 

few papers to date estimated separately indirect (mediated though microbiome) and direct 

effects of specific diet on cancer and other related endpoints 2,3. The opposite direction of 

mediations is possible, in which the effect of gut microbiome on cancer risk is partially 

medicated through changes in dietary intake. Growing evidence suggests that microbial 

activities affect satiety and eating behaviors of humans 4–6. Thus, such microbial mediation 

may be involved in the pathogenesis of obesity, a major risk factor for not only CRC but also 

postmenopausal breast, endometrial, pancreatic and liver cancer 7. Furthermore, obesity is 

associated with increased intestinal permeability and thus higher incidence of endotoxemia 
8,9. A recent systematic review and meta-analysis including 26 randomized controlled trials 

(RCTs) and 1720 individuals showed a significant effect of probiotics in reducing body 

weight, body mass index (BMI), waist circumference, fat mass and fasting insulin levels 10. 

The long-term effects of probiotics on other appetite related hormones, such as leptin and 

adiponectin, however, are yet to be established 11.

2.2. Interactions between specific Dietary patterns and gut microbiome in CRC risk

To addresses the complexity of diet, i.e., multicollinearity between dietary components, 

dietary patterns methods, a key diet index-based approach, have been increasingly used in 

assessing the associations of diet with various chronic diseases including cancer. Studies 

relevant to CRC are summarized below.
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2.1.1. Dietary Inflammatory Index (DII) and empirical dietary inflammatory 
pattern (EDIP)—DII / EDIP were developed to estimate overall effect of diet to modulate 

a set of inflammatory biomarkers, including IL-1β, IL-4, IL-6, IL-10, TNF-α, TNFRSF1B, 

and C-reactive protein 12,13. A recent meta-analysis based on 12 studies have confirmed 

increased risk of CRC (RR:1.16; 95% CI, 1.05–1.27) associated with high DII score with 

a dose-response trend, which was more pronounced in cohort studies 14. In addition, a 

higher DII score was significantly associated with higher risk of Crohn’s disease 15 (OR: 

1.42; 95% CI: 1.05, 1.92) and was positively correlated with disease activity. Morganella 
morganii and Veillonella parvula were increased while Coprococcus eutactus was decreased 

in the pro-inflammatory diets group, as well as in CD 16. On the other hand, two recent 

RCTs have demonstrated that anti-inflammatory diet, which was designed to increase the 

intake of dietary fiber, probiotics, antioxidants, and omega-3 fatty acids and to decrease the 

intake of red meat, processed meat, and added sugar, increased fecal Bifidobacteriaceae, 
Lachnospiraceae, and Ruminococcaceae and reduced subclinical inflammation in ulcerative 

colitis (UC) patients in clinical remission and induced deep remission in mild-moderate UC 
17,18. Interestingly, a prospective cohort studies in US nurses (NHS) and US health care 

professionals (HPFS) documented that higher EDIP scores were associated with increased 

risk of F nucleatum–positive CRC with the hazard ratio (HR) for the highest vs lowest EDIP 

tertile of 1.63 (95% CI, 1.03–2.58), while EDIP scores did not associate with F nucleatum–

negative CRC 19. This suggests potential synergistic interaction between F. nucleatum and 

pro-inflammatory diet on CRC development, rather than diet fostering colonization of F. 
nucleatum, as previous studies have not identified F. nucleatum is more abundant in gut 

microbiota of individuals with high DII diet 16,20 and as potential etiological involvement of 

F. nucleatum has been supported in a meta-analysis of 57 studies comparing tissue level f of 

F. nucleatum in CRC cases and controls 21.

2.1.2 Sulfur microbial diet—Sulfur metabolizing bacteria are a specialized group 

of phylogenetically diverse microbes, including those from the Parabacteroides genera, 
Ruminococcus spp, and Desulfovibrio desulfuricans. These bacteria have the capacity to 

metabolize organic compounds for energy and to reduce dietary sulfur to H2S, which may 

lead to epithelial DNA damage and promote alterations in immune cell compositions 22,23 

and thus may increase the risk of CRC. Nguyen et al developed the sulfur microbial diet 

score that reflects abundance of sulfur-metabolizing bacteria in stool and consists primarily 

of high processed meats and low vegetables and legumes consumption 23. Applying this 

score to the HPFS, they demonstrated increased sulfur microbial diet scores were associated 

with risk of distal colon and rectal cancers (highest vs lowest quartile RR 1.43; 95% CI 

1.14–1.81) 23. In addition, the sulfur microbial diet score was associated with increased 

incidence of early onset CRC precursors, i.e., colorectal adenoma, in women who were 

enrolled in the Nurses’ Health Study II 24. The RR for highest vs lowest quartile was 1.31 

(95% CI, 1.10-1.56) and the risk was further pronounced for early-onset adenomas with 

greater malignant potential villous/tubulovillous histology (OR(Q4 vs Q1), 1.65; 95% CI, 

1.12-2.43). Finally, in the HPFS the authors observed differential associations of the sulfur 

microbial diet with distal CRC by the presence of intra-tumoral Bifidobacterium spp 25. 

Specifically, the association was only present for Bifidobacterium-negative distal CRC 25, 

suggesting potential antagonistic interaction between sulfur metabolizing bacterial and diet 
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on CRC risk or that between and sulfur metabolizing bacteria and Bifidobacterium within 

gut community.

2.1.3. Western style (WS) diet/ prudent diet—Western-style diet is characterized 

by a high intake of red and processed meat, sugar, and refined grains and low intake 

of vegetables and legumes and a meta-analysis of 33 studies have reported the increased 

risk of CRC (OR 1.40, 95% CI 1.26 − 1.56) associated with the highest WS diet score 

compared with the lowest score groups 26. WS diet patterns have also been to alter gut 

microbiome and functions. In a cross-sectional study in Poland involving 200 participants, 

gut microbiome of individuals on WS diet were more enriched with of Bacteroidota and 

Escherichia-Shigella and repressed with Faecalibacterium, compared with those on healthy 

diet 27. In the American Gut Project that profiled fecal microbiota of 744 participants, 

standard WS diet was associated with increased relative abundance of Fusobacterium and 

reduced relative abundance of Lactococcus in comparison prudent dietary patterns, which 

were plant-based or ovo-vegetarian diets 15. Intriguingly, Arima et al found in the same 

NHS and HPFS cohorts that the association between WS dietary patterns and CRC risk was 

dependent on the presence and abundance of pks Island-carrying Escherichia coli in CRC 

tissue. The HR for top vs bottom tertile WS diet score was 3.45 (95% CI 1.53-7.78) in pks 
high CRC, while it was 1.10 (95% CI 0.85-1.42) in pks-negative CRC 28. Because E coli 
has been described to be increased with WS diet 27, these differential associations are more 

likely to reflect mediation effects of WS diet in modulating gut microbiome composition, 

while carcinogenic effect of E coli PKS has been demonstrated in a meta-analysis of 12 

studies (OR 2.27, 95% CI 1.13–4.57) 29.

Prudent dietary patterns—rich in fruits, vegetables, and whole grains—, contrasting 

healthier dietary patterns to WS diet, have been associated with a lower risk of CRC 26. 

The same group of the investigators earlier analyzed NHS and HPFS data for its association 

with CRC risk according to tissue F. nucleatum status. The prudent diet score was associated 

with a lower risk of F nucleatum–positive CRC (HR 0.43; 95% CI, 0.25-0.72, for the highest 

vs the lowest prudent score quartile) but not with F nucleatum–negative cancers. On the 

other hand, the association with WS diet score did not vary with CRC F nucleatum status 
30. These data suggestive of antagonistic interaction may be ascribed to mediation effect of 

prudent diet in reducing F nucleatum abundance in the gut, as described above 15.

2.1.4. Mediterranean diet (MedDiet)—The MedDiet is a plant-based pattern 

characterized by high amounts of fruits, vegetables, nuts, legumes, fish, and cereals 

moderate intake of alcohol, while reducing intake of red, processed meat, eggs and dairy 31. 

Many of these dietary components, such as fruits, nuts and seeds, and beans, show inversely 

associations with fecal bile acids concentrations 32 and serum bile acids concentrations 

(particularly secondary BA (SBA)) have been associated with increased risk of CRC in 

two of the protective cohorts 33. The updated systemic review and meta-analysis including 

3,202,496 participants from 117 studies has shown protective effect of high adherence to 

MedDiet on risk of several types of cancer including CRC, based on 17 studies (pooled 

relative risk (RR): 0.83, 95% CI 0.76, 0.90). Among the 11 components of the MedDiet, 

high whole gran, vegetable and fruit and moderate alcohol intakes had significant effects on 
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all endpoints combined 31. A meta-analysis of gut microbiota from individuals with various 

diets and colon diseases has found that gut microbiota associated with MedDiet it was 

enriched in bacteria that promote an anti-inflammatory environment such as Akkermansia, 

but low in taxa with pro-inflammatory properties, e.g., Fusobacterium 34. More recent 

systematic review including RCTs and focusing on MedDiet has reported multiple studies 

pointing to a decrease in Escherichia coli counts and an increase in Faecalibacterium 
(a butyrate-producing bacterium), while limited studies of fecal metabolite analysis have 

indicated increases in short chain fatty acids (SCFA), e.g., acetate, propionate and butyrate 
35. To date, there have been no studies reporting the synergistic effects between SCFA 

producing bacteria and MedDiet on CRC risk.

Table 1 summarizes potential interaction between dietary patterns associated with CRC 

risk and gut bacteria, and their presumed modes of interactions as discussed in the 

sections above. These observations suggest that global dietary patterns may modulate CRC 

risk through modifying gut microbial composition as well as augmenting or suppressing 

virulence of pathogenic bacteria.

3. Emerging microbial metabolites of dietary component and CRC risk

There are many microbial metabolites of human dietary components 17,36, yet not many 

such metabolite have been convincingly associated with the risk of CRC. The following 

sections briefly summarize the findings from studies in humans.

3.1. Trimethylamine N-oxide (TMAO)

TMAO is a choline derived metabolite produced by gut microbiota. Gut microbial 

metabolic activities on dietary choline, l-carnitine and betaine results in the formation 

of trimethylamine 37, which is concomitantly converted into TMAO by host liver flavin 

monooxygenase 3 (FMO3) 38–40. A wide range of bacterial species have been described 

to catalyze this reaction 38,40. The plasma level of TMAO is determined by host genetic 

variation, diet, and composition of gut microbiota 40,41. Dietary substrates for TMA are rich 

in high protein foods such as red meat, fish, offal, eggs, and beans 40,42–44. A randomized 

crossover trial comparing plant versus animal-based meat diets has confirmed increased 

serum TMAO concentrations on animal-meat diet 45. Thus, there is a credible link to 

CRC because high red meat intake is an established risk factor for CRC 46. Owing to its 

proinflammatory and pro-insulin resistance properties, TMAO has been postulated to be a 

key mediator for the relation among diet, gut microbiota, and various health conditions, 

including cardiovascular disease, type 2 diabetes and CRC 41,47,48. A recent systemic review 

and meta-analysis on TMAO and cancer incidence reported the summary odds ratio (OR) 

of 9 studies to be 1.64 (95% confidence intervals (CI) 1.35–1.99) per an increase in serum/

plasma TMAO concentrations for all cancer combined, although it was not clear how effects 

sizes were standardized across the studies 49. Among those included, 4 were CRC studies, 

and 2 of them were from prospective cohort studies 49, supporting the potential link.
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3.2. Short Chains fatty acids (SCFA)

Despite the fact that a number of cancer preventive properties of SCFAs, in particular, 

acetate, propionate, and butyrate, which are the major products from the microbial 

fermentative activity in the gut, have been demonstrated in laboratory studies 50,51, direct 

evidence from epidemiological/clinical studies to link SCFA concentrations in body fluids 

to CRC risk is rather limited. Loftfield et al recently analyzed the serum samples from 

two prospective cohorts and reported that only women from one of the cohort (not men in 

either cohort) had reduced risk of CRC associated with higher concentrations of acetate, but 

not butyrate or propionate 33. A meta-analysis of fecal SCFAs summarizing 4 recent cross-

sectional studies, which involved 14-26 CRC cases and 14-38 controls, found significantly 

lower fecal acetate and butyrate concentrations in CRC cases compared with controls 52. The 

retrospective nature of the latter studies certainly precludes inferring a causa association, but 

their results may indicate that intraluminal rather than systemic exposure to SCFAs plays 

more vital role in modulating CRC risk. Finally,10-year follow-up of a RCT with resistant 

starch supplementation for Lynch Syndrome patients reported the null effect on CRC 

incidence (HR 0.92; 95% CI 0.62–1.34), while significant reduction in non-CRC-Lynch-

related cancers (HR 0.54, 95% CI 0.33–0.86) 53. Thus, overall epidemiological data to 

support cancer preventive potential of SCFAs or dietary fiber remain inconsistent, and more 

emphasis should be placed on mechanistic pathways derived from laboratory experiments.

3.3. Endogenous ethanol

Alcohol drinking is another established risk factor for CRC 46. Recent studies in gut 

microbiome have discovered microbial metabolic capacity to synthesize ethanol from 

dietary carbohydrates, especially excessive sugar (e.g., glucose, sucrose, and fructose) is 

consumed 54,55. Bacteria from Lactobacillaceae and Enterobacteriaceae families, such as 

Lactobacillus and Klebsiella and some yeasts, such as Candida and Saccharomyces, have 

been shown to be ethanol producers 55–57. Microbially derived endogenous ethanol has 

been implicated in the development of non-alcoholic fatty liver disease (NAFLD) 54,57–59. 

But, importantly increased intraluminal ethanol production by gut microbiota may more 

directly damage the intestinal epithelial cell and mucosal barrier than systemically ingested 

alcohol. Excessive sugar intake especially added sugars from sugary foods and beverages, 

which are prepared with sucrose and high-fructose corn syrup, has attracted growing health 

concern, because it has been associated with traits of the metabolic syndrome, i.e., obesity 

and insulin resistance 60. These traits are also acknowledged to increase the risk of CRC 
61. In particular, intestinal uptake of fructose is limited compared to glucose, resulting 

in more transit to the colon, where it is metabolized by the microbiota 62. Overall, the 

association between excessive sugar intake and cancer risk has been still controversial, but 

Makarem et al recently conducted a systematic review of cohort studies, including 21 for 

gastrointestinal tract cancer, 6 of which were CRC studies 60. While most studies reporting 

risk estimates for total sugar and sucrose intake found a null association, evidence was 

mixed for fructose, as four out of nine studies reported higher risks of pancreatic and 

colorectal cancer with increased intake. Especially, two cohort studies in the United States, 

the Health Professionals Follow-Up Study and the Women’s Health Study 63,64, reported, 

respectively, a 37% increase and a >twofold higher risk of CRC with higher fructose intake. 

Kato and Sun Page 6

Cancer J. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Thus, further studies on fructose and CRC risk that incorporate microbial markers are 

warranted.

4. Pre and pro-biotic and dietary supplements in cancer directed therapies

4.1. Dietary supplements

Use of dietary supplements after a cancer diagnosis is common 65,66. However, there has 

been concern if use of dietary supplements during treatment could reduce treatment efficacy 
67. One of the common components in dietary supplements that has been linked to gut 

microbiome is iron, because iron is required for growth by the majority of colonic bacteria 
68. A small clinical comparing oral versus intravenous iron supplement on CRC patients 

reported that oral iron-treated patients had a greater abundance of colorectal cancer-enriched 

genera such as Coprococcus and Prevotella 69 and a similar study comparing the two iron 

regimens in patients with IBD showed that oral iron treatment was associated with decreased 

abundances of some beneficial taxonomic units such as Faecalibacterium prausnitzii 70. 
Indeed, a study among breast cancer patients enrolled in a cooperative group clinical trial 

reported that use of iron supplement during chemotherapy was significantly associated with 

disease recurrence (HR, 1.79; 95% CI 1.20 -2.67) 67. Certainly, more studies among CRC 

patients are warranted.

4.2. Ketogenetic diet (KD)

The ketogenic diet is a dietary regime focused on substantially reducing carbohydrate 

intake and increasing fat intake with adequate amounts of protein, leading to a state of 

ketosis. The ketogenic diet has gained much popularity over the years due to its effects 

on promoting weight loss, but recently has received increasing interest as a promising 

adjuvant agent to standard cancer therapies by exploiting reprogramed metabolism of cancer 

cells 71. Most of the data to date are from case reports or pilot/feasibility studies, but 

despite the lack of RCTs, several individual observations have supported the antitumor 

effects of KDs, including those for brain cancer and rectal cancer in conjunction with 

radiation therapy 71,72. Its potential effects on cancer immune therapy have just begun 

to emerge in an animal model 73. The exact mechanism by which a ketogenic diet exert 

potential anticancer activities remains unknown, but recent evidence points towards a crucial 

role for the gut microbiota 74,75. An interesting study in both mice and humans found 

that a KD led to decreased fecal Bifidobacterium abundance, which led to lower levels 

of intestinal and visceral fat pro-inflammatory Th17 cells 76. While KD reduced overall 

alpha diversity, it increased the relative abundance of Akkermansia muciniphila, a known 

SCFA producer, in some studies 75,77. A RCT to investigate the effects of a 2 month KD, 

followed by a 2 month low-caloric diet concluded that the KD resulted in a beneficially 

altered gut microbiota composition, i.e., reduced relative abundances of Serratia, Erwinia, 
and Citrobacter and increased relative abundances of Oscillospira and Butyricimonas 78. 

However, overall changes in gut microbiome composition induced by KD in the literature 

are very inconsistent, suggesting need for more well-designed studies 74,75.
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4.3. Anti-, pre-, probiotics and fecal microbiota transplantation (FMT)

Outcomes of systemic cancer therapies are modulated by gut microbiota as well as tumor-

associated bacteria. Antibiotic use during chemotherapy was associated with improved 

overall survival in patients with metastatic CRC, metastatic pancreatic cancer and locally 

advanced head and neck cancer 79–81, pointing to a possibility enzymic inactivation of 

chemotherapeutic agents by intra-tumor bacteria 37. On the other hand, systematic review 

and meta-analysis of 33 studies including 5565 solid cancer patients who were treated 

with immune checkpoint inhibitors 44 revealed a significantly reduced overall survival (HR 

1.76, 95% CI 1.41–2.19) associated with antibiotic exposure82. This detrimental association 

was primarily based on studies in patients with non-small cell cancer and renal cancer 

carcinoma 82. Several specific bacteria, such as Bifidobacterium spp. and Faecalibacterium. 
spp 83,84, have been have associated with improved response in retrospective clinical studies, 

suggesting that they may optimize the efficacy of immunotherapy 85. Accordingly, a number 

of RCTs using various formulation of single or multiple strain probiotics, prebiotics/diet 

or FMT have been initiated, although most of the FMT trials are still in Phase 1 and 

many others are at stages of phase 2, not reporting trial results concerning efficacy and 

adverse reactions to specific immunotherapies 86,87. Thus, it will take some time to get 

such microbial modification approaches translated into clinical practice as viable adjuvant 

therapies.

5. Mechanistic/molecular bases of diet-microbial interactions in cancer 

development

Mechanisms by which dietary, including fiber deprivation, impacts the microbiota and alters 

cancer risk are studied using experimental cancer models, e.g., AOM-treated mice and 

Apcmin/+ mice. The gnotobiotic mouse model, in which animals were colonized with a 

synthetic human gut microbiota composed of commensal bacteria, was used in mechanistic 

studies.

During chronic or intermittent dietary fiber deficiency, the gut microbiota resorts to host-

secreted mucus glycoproteins as a nutrient source, leading to erosion of the colonic 

mucus barrier 88. Dietary fiber deprivation, together with a fiber-deprived, mucus-eroding 

microbiota, promotes greater epithelial access and lethal colitis by the mucosal pathogen, 

Citrobacter rodentium 88. This study indicates that Intricate pathways linking diet, the gut 

microbiome, and intestinal barrier dysfunction could be exploited to improve health using 

dietary therapeutics.

On one hand, in human CRC, the bile acid metabolism is among the top biomarkers of 

patients 89. Quantitively profiled metabolites derived from host-microbial co-metabolism 

using the unbiased method will help to identify key players in the colonic carcinogenesis. 

We found the changes in primary bile acid metabolism and secondary bile acid metabolism 

in VDRΔIEC mice. The fold change ratios of the identified bile acid species were 

significantly higher in the VDRΔIEC mice, which were susceptible to carcinogenesis 90. 

Microbiota from patients with IBD produce DNA damage metabolites, e.g., indolimines. 

Indolimines were produced by the bacteria Morganella morganii 91. In the AOM/DSS 
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colon cancer mice, tumor burden was increased by M. morganii , but not by a mutant of 

M. morga unable to produce indolimine. Indolimine-producing M. morganii exacerbated 

colon tumorigenesis in gnotobiotic mice, as well. On the other hand, microbial metabolites, 

e.g., Lactobacillus reuterin, from healthy mice or humans are growth-repressive, and this 

response is attenuated in mice and patients with CRC 92. A recent study has shown that 

Lactobacillus reuteri and its metabolite, reuterin, are downregulated in mouse and human 

CRC. Reuterin changes redox balance and suppresses proliferation in colon cancer cells. 

Reuterin induces selective protein oxidation and inhibits ribosomal biogenesis and protein 

translation. Exogenous Lactobacillus reuteri was able to restrict tumor growth, increases 

tumor reactive oxygen species, and decreases protein translation 92. A 2022 study by 

Dmitrieva-Posocco et al. identify the mechanism of ketogenic diets in suppressing CRC 

through the beneficial metabolite beta-hydroxybutyrate (BHB) in vivo 93. BHB is able to 

reduces the proliferation of colonic crypt cells and potently suppresses intestinal tumor 

growth. BHB acts through the surface receptor Hcar2 and induces the transcriptional 

regulator Hopx, thereby inhibiting cell proliferation. In humans, increased BHB and active 

HOPX are associated with reduced intestinal epithelial proliferation 93. Thus, actionable 

insights by oral or systemic interventions with a single metabolite or metabolites might 

complementing current prevention and treatment methods for CRC.

Bacteria and their metabolites are known not only contribute to CRC, but also the other 

cancers. Intestinal microbiome showed enriched queuosine producing bacteria in obese mice 

and increased S-adenosyl methionine (SAM) producing bacteria in control diet-fed mice. 

Supplementation of obese animals with SAM sensitized pancreatic tumors to chemotherapy. 

Queuine (Q) is a micronutrient from diet and microbiome. In eukaryotes, Q modification 

is dependent on diet or gut microbiome in multicellular organisms 94. Although tRNA 

Q-modification has been studied for a long time regarding its properties in decoding and 

tRNA fragment generation, how QTRT1 affects tumorigenesis and the microbiome is still 

poorly understood. We have shown that 95 QTRT1 gene and tRNA Q-modification altered 

cell proliferation, junctions, and microbiome in tumors and the intestine, thus playing a 

critical role in breast cancer development. Thus, understanding the protective role of diet, 

bacteria and metabolites will help to develop better strategies for cancer prevention and 

therapy.

Bacterial pathogens, such as H. pylori, E. coli psk, and Salmonella, are known to increase 

the risk of GI cancers, as reviewed in recent papers 96,97. Systemic S. Typhi infections are 

linked to gallbladder cancer, whereas non-typhoidal Salmonella infections are associated 

with colon cancer 98. Fungal component of the intestinal microbiome is also altered in 

CRC. In fact, an abundance of a specific fungal genus actually promotes the disease. Two 

2022 studies reported the association between fungal species and various human cancers, 

including colon cancer 99 100. The fugal DNA was identified in tumors. However, there are 

no studies on whether fungi directly responsible for cancer progression. Fungi metabolites, 

Mycotoxins, may impact the physiological functions, e.g. barrier role, of the intestine, 

however still lack in vivo data 101.

Intestinal archaea may be critical for maintaining immune homeostasis by activating 

antigen-specific adaptive immune responses 102. Archaea act as electron acceptors 
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for substrates originating from anaerobic digestive processes of gut bacteria 103. 

Methanomassiliicoccales are less-known members of the human gut archaeome 104. 

Archaea contribute to removal of trimethylamine from the gut. Methanogenic archaea, 

Methanobrevibacter smithii, Methanosarcina mazei, and Methanomicrococcus blatticola, use 

TMA as growth substratese and reduced plasma TMAO in mice 105. Thus, further research 

is needed to understand the novel role of archaea and metabolites in the development of 

CRC.

There are dynamic bidirectional interactions among the three key factors: diet, immune 

system, and intestinal microbiome, in the host 106. Diet has dominant influence on the 

profile and function of microbiota, in return, influences nutrient absorption. Diet also has a 

profound influence on the immune system (e.g., vitamin A, vitamin D, AHR). The immune 

system can affect nutrient uptake as well. The immune system can exert control over 

microbial composition and localization, whereas microbial signals and products are critical 

for development and function of the immune system in health and disease 1,97.

Taken together, gut microbiota mainly affects the occurrence and development of CRC 

by damaging host DNA, promoting inflammatory microenvironment, transforming cells 

for hyperproliferation, breaking intestinal barriers, changing microbial metabolites, and 

affecting host immune responses. Figure 1 illustrates a working model of interactions among 

the host, microbes, and diets in the development of CRC 1. Host-microbial interactions can 

be mediated by a plethora of microbe-derived effector molecules that include metabolites 

(TMAO, BHB, and SCFAs), immune and inflammatory modulators (PAMPs, MAMPs), 

and small natural products. Perturbations of physiological host-microbial interactions have 

significant consequences to immune and metabolic homeostasis at the local and systemic 

levels.

6. Microbial metabolites in cancer treatment

Lida et al 107 showed that disruption of the microbiota impairs the response of 

subcutaneous tumors to CpG-oligonucleotide immunotherapy and platinum chemotherapy. 

Optimal responses to cancer therapy require an intact microbiota that mediates its 

effects by modulating myeloid-derived cell functions in the tumor microenvironment. It 

is reported 37 that bacteria can metabolize the chemotherapeutic drug gemcitabine (2’,2’-

difluorodeoxycytidine) into its inactive form, 2’,2’-difluorodeoxyuridine. Metabolism was 

dependent on the expression of a long isoform of the bacterial enzyme cytidine deaminase 

(CDDL), seen primarily in Gammaproteobacteria. In a colon cancer mouse model, 

gemcitabine resistance was induced by intratumor Gammaproteobacteria, dependent on 

bacterial CDDL expression, and abrogated by cotreatment with the antibiotic ciprofloxacin. 

Gemcitabine is commonly used to treat pancreatic ductal adenocarcinoma (PDAC). In 

human PDACs, 76% (86/113) was positive for bacteria, mainly Gammaproteobacteria 37. 

Thus, precise analysis of the gut microbiota of individual in the development of CRC is 

critically essential for modified treatment.

In a recent study, Teng et al. 108 report that Bacteroides vulgatus-mediated nucleotide 

biosynthesis attenuates the response of rectal cancer patients to chemoradiotherapy; uric acid 
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is a potential prognosis marker for rectal cancer patients receiving chemoradiotherapy. The 

findings provide insights into the cancer cells-microbiota crosstalk during cancer therapies.

7. Conclusion /Future Directions

Microbial dysbiosis contributes to inflammation, tumor growth, and therapy response. The 

microbiota is a potential biomarker of diagnosis or clinical outcome of CRC. By elucidating 

the mechanisms and microbial contributions to the development and progression of colon 

cancers, researchers hope to target the microbiota (bacteria, viruses, fungi, archaea, and 

other microbes) as a promising strategy and to restore the healthy host-microbial interactions 

to achieve better clinical outcomes.

Probiotics can introduce missing microbial components with known beneficial functions 

for the host. Prebiotics can maximize sustainable changes in the human microbiome by 

enhancing the proliferation of beneficial microbes or probiotics. Prebiotics or probiotics 

might target the microbiome for cancer prevention, especially in high-risk populations. 

Dietary intervention, probiotics supplementation, and FMT may improve treatment efficacy 
109. However, more clinical trials evaluating gut microbiota-mediated therapies are necessary 

to improve outcomes of CRC treatment.

Accumulating evidence has revealed the critical roles of commensal microbes and pathogens 

in cancer progression. It is now clear that the microbial community is closely related to the 

efficacy of chemotherapy and immunotherapies. The future direction will consider not only 

bacteria but also virome and fungi in determining biomarkers for diagnosis and strategies for 

effective treatment in CRC. Compelling links between the gut microbiota, the host diet, and 

host physiology has emerged 109. Precisely modulation diet-microbiome interactions will 

provide new opportunities to use bugs as drugs. We need personalized prebiotics/probiotics, 

FMT, and dietary for the clinical practice. Modeling and machine learning for microbiome 

data and metabolites will help us to better predict the stage of CRC and effectiveness of 

treatment.
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