

[image: Global research on the crosstalk between intestinal microbiome and colorectal cancer: A visualization analysis]
Global research on the crosstalk between intestinal microbiome and colorectal cancer: A visualization analysis





ORIGINAL RESEARCH

published: 15 March 2023

doi: 10.3389/fcimb.2023.1083987

[image: image2]


Global research on the crosstalk between intestinal microbiome and colorectal cancer: A visualization analysis


Shanshan Yang 1,2†, Shaodong Hao 3†, Hui Ye 1* and Xuezhi Zhang 1*


1 Department of Integrated Traditional Chinese and Western Medicine, Peking University First Hospital, Beijing, China, 2 Graduate School, Beijing University of Chinese Medicine, Beijing, China, 3 Spleen-Stomach Department, Fangshan Hospital, Beijing University of Chinese Medicine, Beijing, China




Edited by: 

Yugen Chen, Nanjing University of Chinese Medicine, China

Reviewed by: 

Yang Ding, Affiliated Hospital of Nanjing University of Chinese Medicine, China

Leichang Zhang, Affiliated Hospital of Jiangxi University of Traditional Chinese Medicine, China

*Correspondence: 

Xuezhi Zhang
 zhang.xuezhi@263.net

Hui Ye
 yehui@pkufh.cn














†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Microbiome in Health and Disease, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 29 October 2022

Accepted: 03 March 2023

Published: 15 March 2023

Citation:
Yang S, Hao S, Ye H and Zhang X (2023) Global research on the crosstalk between intestinal microbiome and colorectal cancer: A visualization analysis. Front. Cell. Infect. Microbiol. 13:1083987. doi: 10.3389/fcimb.2023.1083987






Background

Increasing evidence has shown that the intestinal microbiome (IM) is highly linked to colorectal cancer (CRC). To investigate scientific output, identify highly cited papers, and explore research hotspots and trends in the field of IM/CRC, we conducted a bibliometric and visualized analysis.





Methods

A bibliographic search regarding IM/CRC research (2012-2021) was implemented on October 17, 2022. The terms attached to IM and CRC were searched for in the titles (TI), abstracts (AB), and author keywords (AK). The main information was extracted from the Web of Science Core Collection (WoSCC). Biblioshiny from R packages and VOSviewer were used for data visualization.





Results

A total of 1725 papers related to IM/CRC were retrieved. Publications on IM/CRC have grown rapidly from 2012 to 2021. China and the United States were in the leading position for publications in this field and made the most significant contributions to IM/CRC research. Shanghai Jiao Tong University and Harvard University were the most productive institutions. The high-yield authors were Yu Jun and Fang Jing Yuan. The International Journal of Molecular Sciences published the most papers, whereas Gut had the most citations. Historical citation analysis showed the evolution of IM/CRC research. Current status and hotspots were highlighted using keyword cluster analysis. The hot topics include the effect of IM on tumorigenesis, the effect of IM on CRC treatment, the role of IM in CRC screening, the mechanisms of IM involvement in CRC, and IM modulation for CRC management. Some topics, such as chemotherapy, immunotherapy, Fusobacterium nucleatum and short-chain fatty acids could be the focus of IM/CRC research in the coming years.





Conclusion

This research evaluated the global scientific output of IM/CRC research and its quantitative features, identified some significant papers, and gathered information on the status and trends of IM/CRC research, which may shape future paths for academics and practitioners.
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1 Introduction

Colorectal cancer (CRC) is the third most common cancer and second leading cause of cancer-related deaths worldwide (Sung et al., 2021), seriously endangering human health. Early screening and intervention are crucial for patients with CRC. In recent years, the intestinal microbiome (IM) has emerged as a pathogenic factor in many diseases. The link between GM and CRC has become a hot topic, and IM plays an essential regulatory role in the incidence, development, and treatment of cancer (Janney et al., 2020; Kim and Lee, 2021; Ma et al., 2022). Multiple studies have shown that IM can alter the susceptibility and progression of CRC by modulating inflammatory responses and immune function, mediating DNA damage and repair, and generating metabolites involved in cancer progression or downregulation (Sánchez-Alcoholado et al., 2020; Xing et al., 2022). Moreover, IM can influence and modify the antitumor efficacy and toxicity of cancer treatment, which can impede the potential clinical use of antitumor drugs. IM can also be used as a biomarker to predict cancer patients’ prognosis. IM changes may directly contribute to carcinogenesis and progression, and modulation of IM may be an approach for preventing and treating CRC (Louis et al., 2014; Gagnière et al., 2016; O'Keefe, 2016; Tilg et al., 2018; Janney et al., 2020).

Bibliometrics is an interdisciplinary science that quantifies all knowledge bearers utilizing mathematics and statistics, which realizes the visualization of hot topics and knowledge evolution in specific research fields, and has been used successfully in medical studies. Many cancer-related issues have been thoroughly investigated using bibliometrics, such as high-cited papers in cancer immunotherapy (Liu et al., 2022), immunotherapy for hepatocellular carcinoma (Shen et al., 2022) and CRC (Ma et al., 2022), links between IM and cancer (Zyoud et al., 2022), and links between IM and cancer immunotherapy (Yang S. et al., 2022). In the past decade, clinical and animal studies on the link between IM and CRC have steadily increased. However, there is currently no research on the quantitative investigation of the link between IM and CRC. This paper attempts to identify IM/CRC-related research in the last decade and analyze its features, systematically review the crosstalk between IM and CRC, and conduct visualized analysis and knowledge mapping of bibliometric indicators such as research hotspots, hot topics, and publishing institutions in the field of IM/CRC, and seeks to help scholars better grasp the dynamic changes and development trends of IM/CRC-related research.




2 Materials and methods



2.1 Data sources and search methods

The WoSCC is an important database for obtaining global academic resources, including various academic journals. With a stringent screening process based on Bradford’s law, the WoSCC’s Science Citation Index Expanded (SCI-E) highlights the most reputable and noteworthy academic work in natural science (Yang S. et al., 2022; Zyoud et al., 2022). Therefore, it was selected as the data source.

All search results were performed and retrieved from the SCI-E of the WoSCC database on October 17, 2022. The search used the following terms: TI OR AB OR AK = “colorectal neoplasm” and “intestinal microbiome” and their synonyms based on the “advanced search” method. Synonyms related to colorectal neoplasm and intestinal microbiome were obtained from the Medical Subject Headings (MeSH) in PubMed. The search strategy is presented in Supplementary Material S1. The screening standards comprised: (1) publication date from 2021-01-01 to 2021-12-31; (2) the literary categories adopted “article” and “review”. Finally, 1725 papers were acquired (Figure 1), with 1187 records for “articles” and 538 records for “reviews”. Two researchers (SY and SH) independently performed the search and data extraction. We refined the essential information from the raw data and saved it in text format.




Figure 1 | Flow chart of literature screening in IM/CRC.






2.2 Data analysis and software applications

Scientometric analysis was performed using Biblioshiny of Bibliometrix in the R-package (version 4.1.3, Boston, MA, USA), VOSviewer (version 1.6.18, Leiden University, the Netherlands), a data visualization website (https://www.bioinformatics.com.cn/), and Microsoft Excel 2019 (Microsoft, Redmond, Washington, USA). Bibliometrix provides a set of scientometric analytical tools. VOSviewer was used to create and visualize bibliometric networks. Specifically, machine learning was used to evaluate the distribution of each component, including annual scientific production, most relevant journals, authors, affiliations, or countries; most local impact journals, authors, affiliations, or countries by H-index or total citation (TC); annual production of top journals or authors or affiliations or countries over time; main financial agencies; country scientific output; country collaboration network; historical direct citation network; high-cited papers; high-impact factor (IF) papers; common keywords; and cluster analysis. The “2021 Incites Journal Citation Report” defined the journal’s JCR Quartile and IF.





3 Results



3.1 Annual scientific output

Figure 2 shows the annual number of papers (Np) in IM/CRC research from 2012 to 2021, in which the annual Np showed an increasing trend (annual growth rate, 37.20%). From 2012 to 2018, the Np increased slowly (annual growth rate, 16.86%), which demonstrated that IM/CRC research was in a stage of stable development. Since 2019, the Np has increased rapidly (annual growth rate, 58.00%), showing that IM/CRC research entered a period of rapid development. To predict Np in 2022, we used a polynomial regression model: (f(x)=p0xn+p1xn-1+p2xn−2+p3xn−3+…+pn). By fitting the data of the annual output, a fitting curve model was created, with the formula y=5.822 x2-23441 x+2E+07, and the fitting degree (R² = 0.9879) was excellent. Based on this formula, the Np in IM/CRC is estimated to reach approximately 500 in 2022.




Figure 2 | Annual scientific output and the polynomial fitting curve of output in IM/CRC.






3.2 Main journals

More than 500 journals participated in this writing process. Table 1 shows the top ten productive journals, of which International Journal of Molecular Sciences was the most productive (n = 49), followed by Cancers (n = 44), and Frontiers in Microbiology (n = 40). Figure 3A depicts the top ten journals’ annual NP, with Cancers becoming the most productive journal in 2021. Figure 3B summarizes the cumulative output of the top ten journals. The Np in these journals was 340, accounting for approximately 19.71% of the total output, indicating their excellent production capacity for IM/CRC research. TC can show periodic significance, and the H-Index can assess the periodical academic impact. Table 2 shows the top ten highly cited journals, of which Gut ranked first, followed by World Journal of Gastroenterology, PLoS One, Science and Nature Reviews Gastroenterology & Hepatology. In the H-index, World Journal of Gastroenterology (n = 23) ranked first, followed by Gut (n = 20), and Frontiers in Microbiology (n = 20).


Table 1 | The top 10 productive journals in IM/CRC.






Figure 3 | (A) Annual scientific production of the top 10 productive journals over time in IM/CRC (the size of the circle represents the number of papers, and the larger the circle, the more output). (B) Cumulative scientific output of the top 10 productive journals in IM/CRC.




Table 2 | The top 10 local impact journals in IM/CRC.






3.3 Main authors

The papers included more than 9000 authors. Given the name abbreviation-caused repetition, we used the full name for the analysis. Table 3 lists the top ten productive authors (including their TC and H-index), of which Yu Jun, Fang Jing-Yuan, Sung Joseph JY, Chen Ying-Xuan, and Ogino Shuji ranked in the top five. Yu Jun had the largest Np and H-index, and Garrett Wendy S had the highest TC, showing that their papers were of high quality and had a significant impact on IM/CRC research. Figure 4A shows the annual output of the top 20 authors. We found that their most influential papers appeared in 2017, and they had at least one paper in 2021. Figure 4B depicts the collaborative relations of the top 20 authors, of which Yu Jun, Sung Joseph JY, Wong Sunny H, and Chan Francis KL from the Chinese University of Hong Kong had the closest cooperative relationship, which can be called a cooperative group. Other academic groups included Fang Jing-Yuan, Chen Ying-Xuan, and Chen Hao-Yan from Shanghai Jiao Tong University; Chan Andrew T, Ogino Shuji, Garrett Wendy S, and Huttenhower Curtis from Harvard Medical School; and Wang Chong-Zhi and Yuan Chun-Su from the University of Chicago.


Table 3 | The top 10 productive authors in IM/CRC.






Figure 4 | (A) Annual output of the top 20 productive authors over time in IM/CRC (sizes of the circle signify scientific output, and the larger the circle, the more scientific output; color depth of the circle indicates the annual citations, and the darker the color, the more citations). (B) Co-authorship network of the top 20 productive authors (remove isolated nodes) in IM/CRC (each node represents an author, and its size represents scientific output, each color represents a cooperative group, each line represents a coordination relation and its thickness represents cooperation intensity).






3.4 Major countries/regions and institutions

Table 4 shows that the papers were mainly from China (n = 527) and the United States (n = 524), accounting for about 61% of the total output. Figure 5A depicts the country’s scientific production and the main national collaboration network. Among them, the United States was a leader in international cooperation and had the closest relationship with China. Figure 5B depicts the annual Np of the top ten countries. The United States held the top spot in annual Np until 2019, when China overtook the United States.


Table 4 | The top 10 productive countries and institutions in IM/CRC.






Figure 5 | (A) Country scientific production and international collaboration network (min edges set to 10) in IM/CRC. (B) Annual output of the top 10 productive countries over time in IM/CRC. (C) The top 10 funding agencies and source countries in IM/CRC research. (D) Annual output of the top 10 institutions over time in IM/CRC.



Table 4 also shows the top ten most productive institutions, of which Shanghai Jiao Tong University, Harvard University, Harvard Medical School, Chinese University of Hong Kong, and the University of Michigan were among the top five. Figure 5C illustrates the main financial agencies involved. These agencies were mainly from the United States, China, and Japan, indicating strong support for IM/CRC-related research. Figure 5D shows the annual Np of the top ten institutions between 2012 and 2021. Among these, Shanghai Jiao Tong University began earlier and published the most papers.




3.5 Analysis of cited papers in IM/CRC research



3.5.1 Top 20 most cited articles in IM/CRC research

High-cited articles are one of the most valuable indicators in bibliometrics with extremely high academic importance in a field. Table 5 lists the top 20 high-cited papers in original research (published between 2012 and 2020). Based on the subject matter, we summarized the following three points:


Table 5 | The top 20 most cited original research in IM/CRC.



First, there are differences in IM between patients with CRC and healthy controls (Chen et al., 2012; Wang T. et al., 2012; Ahn et al., 2013; Weir et al., 2013). Microbiome transformation may occur in the early stages of CRC and fecal metagenomes may reveal microbial characteristics specific to CRC (Yachida et al., 2019). Tumor and non-tumor related microbiota in CRC may be different; mucosal microbiota is only partially reflected in fecal microbiota, and CRC can be stratified based on the higher-level mucosal microbiota co-abundance group (Flemer et al., 2017). Furthermore, IM can be used for CRC screening. Metagenomic analysis of GM can be used as a tool for targeting noninvasive biomarkers to diagnose CRC (Yu J. et al., 2017). The sensitivity of CRC diagnosis can be increased by combining IM with the standard fecal occult blood test (FOBT) (Zeller et al., 2014). Second, IM may play a key role in tumorigenesis, inflammation-cancer, and adenoma-carcinoma transition. for example, laboratory-type mice reconstructed with IM from wild-type mice exhibited improved resistance to colorectal tumorigenesis (Rosshart et al., 2017). Moreover, germ-free mice colonized with IM from tumor-bearing mice had a relatively higher population abundance related to inflammation-driven tumor formation (Zackular et al., 2013). NOD2-mediated ecological imbalance made mice susceptible to colitis and CRC (Couturier-Maillard et al., 2013), whereas activating Gpr109a (the receptor of the symbiotic metabolite butyrate) inhibited colitis and carcinogenesis (Singh et al., 2014). Moreover, inflammation can promote CRC, and IM has been identified as an inflammatory target that affects CRC progression (Arthur et al., 2012). IM can also evolve along the colorectal adenoma-carcinoma sequence (Feng et al., 2015). Patients with familial adenomatous polyposis carry colonic biofilms containing carcinogenic bacteria, and tumor-prone mice colonized with carcinogenic bacteria show a faster tumor onset and higher mortality (Dejea et al., 2018). Third, Fusobacterium nucleatum (F. nucleatum) is not only a key pathogenic factor, but also a biomarker for the therapeutic effect of CRC. F. nucleatum infection is prevalent in human CRC (Castellarin et al., 2012) and may potentiate intestinal tumorigenesis, regulate the tumor microenvironment (Kostic et al., 2013), and promote chemoresistance to CRC by regulating autophagy (Yu T. et al., 2017). Moreover, the amounts of F. nucleatum and the IM-produced cytokines IL-12 and TGF-β have been shown to be different, which led to different proportions of lymphocytes in different CRCs (Saito et al., 2016). The amount of F. nucleatum in CRC tissues is also related to shorter survival and may act as a prognostic biomarker (Mima et al., 2016).




3.5.2 Top 10 most cited reviews in IM/CRC research

Table 6 shows the top ten high-cited reviews (issued between 2012 and 2019), nearly half were from Nature Reviews Gastroenterology & Hepatology (n = 2) and Nature Reviews Microbiology (n = 2). Two review articles (Marchesi et al., 2016; Kho and Lal, 2018) outlined the key role of IM in host health and disease. Several review articles (Louis et al., 2014; Gagnière et al., 2016; O'Keefe, 2016; Tilg et al., 2018) outlined the links between diet, IM and metabolites, and CRC. Furthermore, some reviews detailed the mechanisms of inflammation-driven IM dysbiosis (Zeng et al., 2017), outlined the interplay of bile acids and microbiota in gastroenteritis inflammation and carcinogenesis (Jia et al., 2018), mentioned the theoretical hypothesis of the “driver-passenger” model, arguing that some microbes may cause adenomas and cancers (Tjalsma et al., 2012), and summarized the impact of IM on tryptophan metabolism-mediated intestinal immunity (Gao et al., 2018).


Table 6 | The top 10 most cited reviews in IM/CRC.






3.5.3 Top 20 most cited references in IM/CRC research

Considering that some classical papers (particularly before 2012) still had important significance, we searched for the most cited references to find important papers that may have been ignored. Figure 6A and Figure 6B show the top 20 most-cited references and their citation relationships. In 2009, Wu et al. (2009) demonstrated that human colon bacteria could promote colon tumorigenesis by activating the T-assisted type 17 T cell response. In 2010, Caporaso et al. (2010) developed QIIME (a tool for unpacking massive high-throughput sequencing data). A human intestinal metagenomic study (Qin et al., 2010) based on metagenomic sequencing has provided a broad perspective on the important functions of intestinal bacteria. These technologies have increased support for IM/CRC research. In 2011, Sobhani et al. (2011) applied pyrosequencing technology to report that colon cancer is associated with microbial dysbiosis, opening up a new field for CRC screening and pathophysiology research. Marchesi et al. (2011) compared the microbial composition between colon tumors and the adjacent non-malignant colonic mucosa, revealing significant differences in the IM of the two sites.




Figure 6 | (A) Co-citation network of the top 20 most cited references in IM/CRC research. (B) The top 20 most cited references in IM/CRC research.






3.5.4 Historical cited papers in IM/CRC research

Several classic papers were identified through historiographic analysis (Figure 7). Some papers had been mentioned in the part of most-cited articles and reviews. Moreover, Wu et al. (2013) showed that the IM of CRC was characterized by the enrichment of potential pathogens, such as Fusobacterium and Campylobacter and the reduction of butyrate-producing bacteria. Zackular et al. (2014) showed that IM can be used as a screening tool to detect precancerous lesions and cancers in CRC. Nakatsu et al. (2015) classified IM communities in the intestinal mucosa at different stages of CRC and found that with the progression of CRC along the “adenoma-cancer” sequence, mucosal microflora can establish a microecosystem. In 2014, a review (Louis et al., 2014) outlined the links between diet, metabolism, and CRC, showing that short-chain fatty acids such as acetates, propionates, and butyrate can inhibit inflammation and cancer, while some microbial metabolites (such as secondary bile acids) can promote carcinogenesis. In 2016, a review (O'Keefe, 2016) summarized the links between diet, microorganisms and their metabolites, and colon cancer, showing that meat increases the risk of colon cancer, but foods rich in fiber inhibit the risk, which may be related to IM. A review (Gagnière et al., 2016) discussed the relationship between IM and CRC, with an emphasis on dysbacteriosis and potential characteristics of carcinogenic bacteria, such as genotoxicity and other virulence factors, inflammation, host defense regulation, bacterial metabolism, oxidative stress, and antioxidant defense regulation.




Figure 7 | Historical direct citation network in IM/CRC (gray lines indicate the citation relations, and each dot represents a paper by author and year).







3.6 Analysis of high-IF papers in IM/CRC research

IF is an international universal evaluation index used to assess the influence of journals and academic quality of papers. Given that highly cited papers were mainly issued in high-IF journals, we looked for IM/CRC-related papers in high-IF journals (IF > 40) (Supplementary Material S2).

Twenty original articles were extracted. Among them, Nature Medicine (n = 5) and Cell (n = 5) had the most publications, followed by Immunity (n = 3) and Science (n = 3). the correlation research between CRC and IM (Rosshart et al., 2017; Dejea et al., 2018) such as F. nucleatum (Yu T. et al., 2017; Serna et al., 2020), genotoxic Escherichia coli (Pleguezuelos-Manzano et al., 2020) and Streptococcus gallolyticus (Boleij and Tjalsma, 2013), the mechanism research of IM/CRC from gene expression (Man et al., 2015; Wilson et al., 2019), metabolism (Belcheva et al., 2014; Singh et al., 2014; Hu et al., 2015; Scott et al., 2017), inflammation (Arthur et al., 2012) and immunity (Rosshart et al., 2017; Roberti et al., 2020; Overacre-Delgoffe et al., 2021), the intestinal fungi research (Malik et al., 2018), and the metagenomics research (Thomas et al., 2019; Wirbel et al., 2019; Yachida et al., 2019) that find characteristic IM for CRC screening has become the research focus of IM/CRC in high-IF journals over the past decade.

Among the review articles, the top ten high-IF reviews were published between 2016 and 2019, which were mainly from Nature Reviews Gastroenterology & Hepatology (n = 6) and Nature Reviews Microbiology (n = 2). Apart from the above four high-cited reviews (Tjalsma et al., 2012; Louis et al., 2014; O'Keefe, 2016; Jia et al., 2018), there were six high-IF reviews worthy of attention. Several review articles (Carbonero et al., 2012; Cani and Jordan, 2018; Janney et al., 2020) further described that the relationship between IM-mediated inflammation, metabolites, colonic gases, and CRC. One review (Wong and Yu, 2019) elaborated on the mechanism of interaction between IM and CRC, and the prospect of modulating IM for CRC management. Two reviews (Hofseth et al., 2020; Akimoto et al., 2021) discussed the key role of IM in early-onset CRC.




3.7 Analysis of keywords in IM/CRC research



3.7.1 Analysis of high-frequency keywords

To identify the hot topics and central issues in IM/CRC research, it is necessary to examine key index-keywords (Yang S. et al., 2022; Zyoud et al., 2022). In this research, a total of 6851 keywords included 3144 author keywords and 3707 keywords plus were acquired from publications.

Highly frequent author keywords (remove main search terms) included “inflammation”, “probiotics”, “inflammatory bowel disease”, “diet”, “butyrate”, “Fusobacterium nucleatum”, “chemotherapy”, “ulcerative colitis”, “apoptosis”, “ulcerative colitis”, “prebiotics”, “short-chain fatty acids”, “carcinogenesis”, “metagenomics”, “biomarkers”, “bile acids”. Highly frequent keywords plus (remove main search terms) included “inflammation”, “Fusobacterium-nucleatum”,”chain fatty-acids”, “inflammatory-bowel-disease”, “ulcerative-colitis”, “carcinogenesis”, “tumorigenesis”, “diet”, “Escherichia-coli”, “butyrate”, “NF-kappa-B”, “Crohn’s-disease”, “dietary fiber”, “metabolism”, “probiotics”, “metabolites”, “oxidative stress”, “enterotoxigenic Bacteroides-fragilis”.




3.7.2 Cluster analysis of high-frequency keywords

A cluster analysis of high-frequency keywords can identify hot topics in a field (Yang S. et al., 2022; Zyoud et al., 2022). A cluster analysis was conducted based on the co-occurrence of common keywords (frequency ≥ 20). Each clustered keyword unit was considered a category based on the same color (Figure 8A).




Figure 8 | (A) Cluster analysis of common keywords in IM/CRC (different colors signify different clusters, and sizes of the circle signify the frequency of keyword occurrence). (B) Evolution trends of common keywords over time in IM/CRC (blue boxes signify the early keywords and yellow boxes signify the late keywords).





3.7.2.1 Cluster 1

(blue nodes) focused on the links between IM, tumorigenesis, and CRC screening, such as IM as a biomarker to predict tumorigenesis risk and screen for CRC through metagenomics and metabolomics analysis, and the role of IM metabolites in CRC.




3.7.2.2 Cluster 2

(red nodes) focused on the association between IM, CRC treatment (such as chemotherapy and immunotherapy) and CRC prognosis (such as metastasis, efficacy and survival).




3.7.2.3 Cluster 3

(yellow nodes) focused on the mechanisms by which IM affects CRC, especially colitis-associated CRC (inflammatory bowel disease, ulcerative colitis), including inflammation (NF-kappa-B), immunity (such as intestinal epithelial cells and regulatory T cells), gene-expression and oxidative stress.




3.7.2.4 Cluster 4

(purple nodes) was related to specific IM and their metabolites in CRC, including butyrate-producing bacteria, Fusobacterium-nucleatum, Escherichia-coli, Enterococcus-faecalis, enterotoxigenic Bacteroides-fragilis, bile-acids and hydrogen-sulfide.




3.7.2.5 Cluster 5

(green nodes) focused on the important roles of diet (such as diet, red meat, nutrition and dietary fiber), metabolites (short-chain fatty acids), probiotics (Lactobacillus) and prebiotics in CRC.





3.7.3 Trend analysis of high-frequency keywords

Evolving keywords can reflect frontier knowledge in a special field. We predicted the trends in IM/CRC research in the next few years using overlay visualization in VOSviewer. As shown in Figure 8B, more yellow nodes were found in clusters 1, 2, and 5 than that in the other clusters, and the main keywords included search terms such as “colorectal cancer”, “gut microbiota” and “gut microbiome”, and other terms such as “chemotherapy”, “immunotherapy”, “therapy”, “efficacy”, “biomarker”, “Fusobacterium nucleatum”, “metastasis”, “metabolites”, “short-chain fatty acids”, “immunity”.






4 Discussion

IM plays a key role in tumorigenesis, tumor screening, and cancer treatment (Yang S. et al., 2022; Zyoud et al., 2022), and the links between IM and CRC have received considerable attention from scholars, clinicians, and journals (Louis et al., 2014; Gagnière et al., 2016; O'Keefe, 2016; Tilg et al., 2018). In the past decade, as knowledge of IM deepens (Marchesi et al., 2016; Kho and Lal, 2018), increasing research suggests IM can affect the onset and progression of CRC and alter the efficacy and toxicity of tumor treatment (Wong and Yu, 2019; Fong et al., 2020; Sánchez-Alcoholado et al., 2020; Kim and Lee, 2021), studies on the links between IM and CRC have gradually increased, resulting in numerous research achievements. Therefore, this study carried out a bibliometric analysis of IM/CRC research, which provided researchers with a basic idea of the current status and trends in the crosstalk between IM and CRC.



4.1 Analysis of document issuance in IM/CRC

From the view of annual Np, a steady growth stage occurred during 2012-2018, while a rapid growth stage occurred during 2019-2021. In 2010, an important high-throughput sequencing tool-QIIME (Caporaso et al., 2010) and a human IM gene catalog generated by metagenomic sequencing, identified new research directions for IM studies (Qin et al., 2010). Henceforth, IM and CRC gradually began to collide, and an increasing number of countries began to develop microbiome projects, which promoted rapid developments in IM research. Correspondingly, IM/CRC research has begun to increase gradually. In 2019, three blockbuster metagenomic studies (Thomas et al., 2019; Wirbel et al., 2019; Yachida et al., 2019) in Nature Medicine emphasized the importance of IM as a potential biomarker and constructed accurate disease predictive models. Since then, IM/CRC research has received increasing attention from researchers.

Our study showed that the International Journal of Molecular Sciences, Cancers and Frontiers in Microbiology ranked among the top three in Np, World Journal of Gastroenterology had the highest H-index, and Gut had the highest TC. High-level academic journals easily attract the attention of scholars. The top 20 highly cited articles and high-IF articles were mainly published in Nature Medicine (Saito et al., 2016; Thomas et al., 2019; Wirbel et al., 2019; Yachida et al., 2019; Roberti et al., 2020), Cell (Belcheva et al., 2014; Man et al., 2015; Rosshart et al., 2017; Scott et al., 2017; Yu T. et al., 2017), followed by Science (Arthur et al., 2012; Dejea et al., 2018; Wilson et al., 2019), Gut (Mima et al., 2016; Flemer et al., 2017; Yu J. et al., 2017), and Immunity (Singh et al., 2014; Malik et al., 2018; Overacre-Delgoffe et al., 2021). Nature Medicine and Gut mainly focused on clinical research, while Cell, Science, and Immunity focused on basic experimental research. These prestigious journals have a significant global influence, and are more likely to publish high-quality studies in the future. Nature Reviews Gastroenterology & Hepatology and Nature Reviews Microbiology had the most influential reviews, indicating that they would be more likely to publish top-level reviews.

These publications are mainly from China and the United States, followed by Italy, Japan, and Germany. China and the United States had the largest Np and stood at the core of global cooperation, which may be due to the high attention and financial support of the two countries in IM and CRC research (Yang S. et al., 2022). Notably, the incidence of CRC is high in China and the United States, and China has surpassed the United States in terms of CRC incidence and mortality (Siegel et al., 2020; Yang et al., 2020a), indicating that China still needs further work in CRC-related research and strengthening international cooperation. The top ten institutions came from China, the United States, and France, demonstrating their good scientific productivity. In China, Shanghai Jiao Tong University, Chinese University of Hong Kong and Zhejiang University published the most articles on IM/CRC. In the United States, Harvard University, Harvard Medical School, University of California System, and University of North Carolina made important contributions to IM/CRC research.

Half of the top ten authors were from Chinese University of Hong Kong and Shanghai Jiao Tong University, which are comprehensive and world-class research universities. The author with most Np and the highest H-index was Yu Jun, an oncologist from Chinese Univ Hong Kong, who had made great contributions to the study of IM/CRC, especially on the effect of IM on tumorigenesis of CRC (Nakatsu et al., 2015; Wong et al., 2017b; Yang J. et al., 2022) and the value of IM as a new biomarker in the screening and treatment of CRC (Liang et al., 2017; Wong et al., 2017a; Yu J. et al., 2017; Dai et al., 2018; Liang et al., 2020), and he was at the core of author collaboration in China. In the last few years, she has increasingly focused on the role of specific IM in the treatment of CRC (Li et al., 2021; Sugimura et al., 2021) and the action of the tumor microbiome, enteric virome (Nakatsu et al., 2018) and archaea (Coker et al., 2020) in CRC. Fang Jing-Yuan from Shanghai Jiao Tong University has long been interested in the value of IM as a new non-invasive biomarker in the diagnosis of CRC (in close cooperation with Yu Jun) (Liang et al., 2017; Liang et al., 2020) and the role of F. nucleatum in CRC (Yu T. et al., 2017; Hong et al., 2021). Garrett Wendy S from Harvard Med Sch had the highest TC and published many highly cited papers. His papers focused on the effect of F. nucleatum on CRC (Kostic et al., 2013; Mima et al., 2015; Mima et al., 2016), the role of diet (Mehta et al., 2017; Liu et al., 2018) and antibiotics (Cao et al., 2018) in CRC, and found that the human gut bacterial genotoxin colibactin can alkylate DNA to contribute to colorectal carcinogenesis (Wilson et al., 2019).




4.2 Research hotspots and frontiers in IM/CRC

Hotspots and frontiers are determined by cluster analysis of common keywords, highly cited papers, and high-IF papers. This study found that the current hot topics of IM/CRC research were concentrated in five perspectives: (1) the effect of IM on tumorigenesis of CRC; (2) the role of IM in the screening of CRC; (3) the effect of IM on CRC treatment; (4) the possible mechanisms of IM involved in CRC; (5) modulating IM for CRC management. Moreover, emerging research, such as chemotherapy, immunotherapy, Fusobacterium nucleatum, short-chain fatty acids (SCFAs), and biomarkers, are not only the current hotspots but also the focus of the next several years.



4.2.1 The effect of IM on tumorigenesis of CRC

Some studies (Wong et al., 2017b; Li et al., 2019) have shown that gavage of fecal samples from patients with CRC in germ-free and normal mice can promote the progression of intestinal adenoma and carcinogenesis. Germ-free mice colonized with IM from tumor-bearing mice showed increased tumorigenesis (Zackular et al., 2013), whereas laboratory mice transplanted with IM from wild mice showed increased resistance to colorectal tumorigenesis (Rosshart et al., 2017). IM depletion with antibiotics can result in a significant decrease in subcutaneous tumor and liver metastasis burdens in mice (Zackular et al., 2013; Sethi et al., 2018). Many studies (Konstantinov et al., 2013; Louis et al., 2014; Wong and Yu, 2019; Cheng et al., 2020; Janney et al., 2020) have shown that Fusobacterium nucleatum, Escherichia coli, Enterococcus faecalis, and enterotoxigenic Bacteroides fragilis are closely related to CRC tumorigenesis, whereas butyrate-producing bacteria such as Faecalibacterium, Roseburia, Clostridium and Lachnospiraceae may inhibit the onset and development of CRC.



4.2.1.1 Fusobacterium nucleatum (F. nucleatum)

Several related studies (Castellarin et al., 2012; Hashemi Goradel et al., 2019; Sánchez-Alcoholado et al., 2020) have shown that F. nucleatum infection is prevalent in CRC and is one of the most widely known strains associated with CRC. F. nucleatum can promote the adhesion of CRC cells to endothelial cells, extravasation and metastasis (Zhang et al., 2022). The amount of F. nucleatum in CRC tissues is negatively correlated with the density of CD3+ T cells, and it can promote tumor development by downregulating T cell-mediated adaptive immunity (Mima et al., 2015; Mima et al., 2016). F. nucleatum can enhance intestinal tumorigenesis through the TLR4/PAK1 cascade (Wu et al., 2018) and promote glycolysis and tumorigenesis by targeting lncRNA ENO1-IT1 (Hong et al., 2021). Moreover, F. nucleatum can enhance intestinal tumorigenesis by modulating the tumor immune microenvironment (Kostic et al., 2013) and promoting chemoresistance in CRC by regulating autophagy (Yu T. et al., 2017). The persistence of F. nucleatum in post-neoadjuvant chemoradiotherapy is related to the high recurrence rate of locally advanced rectal cancer, which may be related to the inhibition of immune cytotoxicity (Serna et al., 2020).




4.2.1.2 Escherichia coli (E. coli))

Pathogenic E. coli may be a cofactor in the pathogenesis of CRC (Bonnet et al., 2014). Mucosa-associated pks+ E. coli was found in a significantly high percentage of patients with CRC (Arthur et al., 2012). Colibactin-associated E. coli is ubiquitous in the colon mucosa of patients with CRC, and promotes CRC in CRC-susceptible mice (Veziant et al., 2021). The genotoxin colibactin can promote colon tumor growth by modifying the tumor microenvironment (Dalmasso et al., 2014). The toxin released by genotoxic E. coli can cause a unique mode of DNA damage to intestinal lining cells, which shows a direct relationship between intestinal bacterial toxins and genetic changes driving CRC development (Pleguezuelos-Manzano et al., 2020). An article in Science studied the damage mechanism of colibactin to DNA in human living cells, showing the gut bacterial genotoxin colibactin can alkylate DNA, and the DNA adduct produced by pks+ E. coli strengthens the support for the participation of colistin in the development or progression of cancer (Wilson et al., 2019).




4.2.1.3 Enterococcus faecalis (E. faecalis)

E. faecalis is an opportunistic pathogen in the gut, which is related to a series of hospital infections that are difficult to treat and is also known to be associated with CRC. Its resistance to a series of antibiotics and ability to form biofilms can increase its virulence. E. faecalis is also a human intestinal symbiont that produces extracellular superoxide and promotes chromosome instability through the bystander effect induced by macrophages (Wang X. et al., 2012). The abundance of E. faecalis in CRC patients is significantly higher than that in healthy individuals (Wang T. et al., 2012). In addition, in vitro and in vivo studies have shown that E. faecalis can produce hydroxyl free radicals, leading to chromosome instability and CRC risk, and can promote the migratory and invasive phenotype of colon cancer cells (Williamson et al., 2022).




4.2.1.4 Enterotoxigenic Bacteroides fragilis

ETBF is a bacterium that can produce Bacteroides fragilis toxin (BFT), and research shows that colitis driven by ETBF can promote colon carcinogenesis (Sears and Pardoll, 2011; Sears et al., 2014). BFT destroys the colonic epithelial barrier by inducing the cleavage of E-cadherin (a structural protein that inhibits colorectal tumorigenesis) and initiates the cell signal transduction reaction characterized by inflammation and c-Myc-dependent oncogenic hyperproliferation (Wu et al., 2009; Sears and Pardoll, 2011). Significantly, this strain can promote colon tumorigenesis by increasing signal transducer and activator of transcription 3 (STAT3) and T helper type 17 (Th17) response (Wu et al., 2009). A previous study showed that the regulatory response of T cells in the colonization of ETBF triggered IL-17 dependent colon carcinogenesis (Geis et al., 2015). The lncRNA BFAL1 can mediate ETBF-related carcinogenesis in CRC via the RHEB/mTOR pathway (Bao et al., 2019).




4.2.1.5 Butyrate-producing bacteria

Butyrate has a series of significant colon health and anti-tumor properties, and can inhibit inflammation and tumorigenesis by regulating immunity, epigenetics, and gene expression (O'Keefe, 2016). Butyrate can inhibit proliferation-promoting miR-92a by reducing miR-17-92a cluster transcription in colon cancer cells, thereby reducing colon cancer cell proliferation and stimulating apoptosis (Hu et al., 2015). Some studies (Wang T. et al., 2012; Weir et al., 2013; Wu et al., 2013) have shown that a significant reduction in butyrate-producing bacteria and an increase in opportunistic pathogens may constitute the main IM imbalance in patients with CRC. Activation of Gpr109a, a receptor for niacin and commercial metallic butyrate, can suppress colonic inflammation and tumorigenesis (Singh et al., 2014). In addition, Clostridium butyricum (a butyrate-producing probiotic) can inhibit intestinal tumor progression by regulating Wnt signaling and IM (Chen et al., 2020).





4.2.2 The role of IM in screening of CRC

General risk population screening can reduce the morbidity and mortality associated with CRC. Accurate, noninvasive screening tests can significantly reduce the global health burden of CRC. Multiple studies (Chen et al., 2012; Wang T. et al., 2012; Ahn et al., 2013; Weir et al., 2013; Wu et al., 2013; Zeller et al., 2014; Flemer et al., 2017) have shown that the IM of patients with CRC was different from that of patients without CRC. IM can be used as a novel biomarker for the non-invasive diagnosis of CRC (Zackular et al., 2014; Liang et al., 2017; Wong and Yu, 2019), and metagenomic analysis of IM provides a rich source for CRC screening.

In 2017, Yu et al. (2017). found that 20 gene markers were differentially expressed in CRC and control samples, among which butyryl-coenzyme A dehydrogenase from F. nucleatum and RNA polymerase subunit from Micromonas β showed good diagnostic value, with an area under curve (AUC) of 0.84. In 2018, Dai et al. (2018). analyzed metagenomic data from patients with CRC and identified seven species, including Bacteroides fragilis and F. nucleatum enriched in CRC as potential diagnostic markers that could be used in different populations to distinguish CRC patients from healthy controls (AUC = 0.80). In 2019, Nature Medicine published three articles in succession (Thomas et al., 2019; Wirbel et al., 2019; Yachida et al., 2019). Yachida et al. (2019) found that the abundance of Firmicutes, Fusobacteria and Bacteroidetes showed an upward trend with CRC progression; propionate and butyrate were the most abundant metabolites, and the model combining bacterial species, KO genes, and metabolites was the best in terms of resolution, and found a panel of 55 bacterial markers linked to CRC. Wirbel et al. (2019) carried out a meta-analysis of eight shotgun metagenomic studies of CRC and found that the abundance of 29 strains increased in patients with CRC and revealed microbial characteristics specific to CRC. Thomas et al. (2019) conducted a fecal metagenomic meta-analysis from five available datasets and two new cohorts to identify common IM characteristics across different populations of CRC, constructed a CRC disease prediction model containing 16 species (AUC > 0.8), validated it in two additional cohort datasets, and found that the choline trimethylamine lyase gene among the flora genes was enriched in CRC. In 2020, Yang et al. (2020). identified 22 microbial marker genes closely related to CRC and verified these using qPCR. Among them, the biomarker of the gene from Coprobacillus showed a high diagnostic value (AUC = 0.93).

In addition, Zeller et al. (2014) showed that combining metagenomic analysis with FOBT could increase the sensitivity of CRC detection. F. nucleatum can be used as a biomarker for early CRC screening and prognosis. Wong et al. (2017a) identified F. nucleatum as a valuable marker for improving the diagnostic performance of fecal immunochemical tests, with a complementary role in the detection of lesions. Guo et al. (2018) showed that the ratio of F. nucleatum to the probiotics Bifidobacterium and Lactobacillus is a valuable biomarker for early CRC screening. Notably, the characteristic detection of enteric viruses (Nakatsu et al., 2018) and the fungal microbiota (Coker et al., 2019) can also be used for CRC screening.




4.2.3 The effect of IM on treatment of CRC

Efficacy is the most critical factor in the evaluation of antitumor treatment. Research on the impact of IM on cancer therapy is the most important area of cancer microbiome research. It has been confirmed that IM can mediate treatment outcomes of CRC (Wong and Yu, 2019).



4.2.3.1 Chemotherapy

Microorganisms can enhance or decrease the effects of fluoropyrimidines by metabolic interconversion involving bacterial vitamins B6 and B9 and ribonucleotide metabolism (Scott et al., 2017). IM can control the efficacy of chemotherapy in CRC and immunogenic ileal cell apoptosis can contribute to the prognosis of chemotherapy-treated colon cancer (Roberti et al., 2020). IM dysbiosis can affect the efficacy of 5-fluorouracil (5-FU) in the treatment of CRC (Yuan et al., 2018). Furthermore, Yu et al (Yu T. et al., 2017). found that F. nucleatum can promote chemoresistance of CRC, which was related to targeting TLR4 and MYD88 innate immune signals and specific microRNAs to activate the autophagy pathway. Zhang et al (Zhang S. et al., 2019). showed that F. nucleatum promotes chemoresistance to 5-FU by upregulating BIRC3 expression in CRC.




4.2.3.2 Immunotherapy

Most studies (Wong and Yu, 2019; Kim and Lee, 2021; Xing et al., 2022) on the correlation between IM and CRC focused on the effect of IM on cancer immunotherapy. IM may be a promising biomarker for CRC immunotherapy (Temraz et al., 2019). A previous study (Xu et al., 2020) showed that IM may affect glycerophospholipid metabolic pathways, thereby modulating the therapeutic potential of PD-1 antibodies in immunotherapy in MSS-type CRC tumor-bearing mice. Many studies have demonstrated that IM can alter the host response to cancer immunotherapy (Schmitt and Greten, 2021; Cai et al., 2022). Additionally, IM can determine whether a patient will respond to cancer immunotherapy and predict treatment-related effectiveness and unfavorable effects (Oh et al., 2021; Yang S. et al., 2022).





4.2.4 The underlying mechanisms of IM involved in CRC

Concretely speaking, the mechanisms of IM affect CRC involve many factors, such as pathogenic bacteria and their virulence factors, inflammation, bacterial metabolites, immunity, oxidative stress, intestinal barrier disruption, and so on (Gagnière et al., 2016; Cheng et al., 2020; Janney et al., 2020).

Firstly, we have discussed how pathogenic bacteria such as pks+ E. coli, E. faecalis and ETBF can induce DNA damage by inducing inflammation and oxidative stress. IM may induce the onset and development of CRC through two modes: the “Alpha-bugs” model (Sears and Pardoll, 2011) and the “Driver-passenger” model (Tjalsma et al., 2012). (1) The “Alpha-bugs” model believes that IM with unique virulence characteristics (Alpha-bugs bacteria), such as ETBF, can directly lead to intestinal epithelial cells carcinogenesis by secreting toxic proteins such as BFT, and ETBF-driven IM changes can cause an abnormal mucosal immune response and accumulation of cancerous intestinal epithelial cells. (2) The “Driver-passenger” model considers certain intestinal bacteria (such as E. faecalis, E. coli and ETBF) as drivers to induce DNA damage and promote carcinogenesis, subsequently, the inherent drivers will be replaced by some opportunistic pathogens or even beneficial bacteria-passengers such as Fusobacterium and Streptococcus gallolyticus that are more suitable for survival in the intestinal tumor microecology.

Secondly, chronic intestinal inflammation is generally regarded as a key factor for the progression of colitis-associated CRC (a subtype of CRC that develops directly from inflammatory bowel disease [IBD]), which is supported by the much higher incidence of CRC in patients with IBD, especially those with ulcerative colitis (Arthur et al., 2012; Louis et al., 2014). Microbial symbionts are the key determinants of gut inflammation. IM imbalance can cause host metabolic and immune changes, inducing chronic inflammation and leading to tumor progression (Gagnière et al., 2016; Cani and Jordan, 2018). Crosstalk between microbiota and bile acid also plays a vital role in gastrointestinal inflammation and carcinogenesis (Jia et al., 2018). In addition, the inflammatory tissue environment is conducive to the disturbance of the IM, which is usually characterized by the massive reproduction of specific bacterial species that can use more abundant nutrients in the inflammatory intestine (Zeng et al., 2017). The most cited original study (Arthur et al., 2012) in this paper showed that colitis can promote tumorigenesis by changing the composition of IM and inducing the expansion of genotoxic microorganisms. In summary, colitis-associated CRC mainly occurs through the inflammation-cancer pathway, in which IM plays an important role (Schmitt and Greten, 2021).

Thirdly, IM can affect CRC by means of metabolites, such as secondary bile acids, trimethylamine-N-oxide (TMAO), hydrogen sulfide (promote inflammation and carcinogenesis), and SCFAs such as propionate and butyrate (inhibit inflammation and cancer) (Konstantinov et al., 2013; Louis et al., 2014). Bile acids are metabolized by enzymes from IM, which play a vital role in intestinal immunity, inflammation, and tumors (Cai et al., 2022), and bile acid-microbiome crosstalk can affect gastrointestinal inflammation and carcinogenesis (Jia et al., 2018). Secondary bile acid production may be increased in CRC patients (Wirbel et al., 2019). The IM-derived metabolite, formate, may also exacerbate CRC progression (Ternes et al., 2022). High plasma TMAO (Bae et al., 2014) and hydrogen sulfide (Carbonero et al., 2012) levels are positively associated with high CRC risk. In contrast, IM can promote the excessive proliferation of MSH2-deficient colon epithelial cells by providing carbohydrate-derived metabolites such as butyrate, thereby regulating the host immune system (Belcheva et al., 2014). Butyrate can reduce CRC cell proliferation and stimulate apoptosis (Weir et al., 2013; Singh et al., 2014; Hu et al., 2015). A meta-analysis showed that lower fecal concentrations of three major SCFAs (acetic acid, propionic acid, and butyric acid) were associated with a higher risk of CRC (Alvandi et al., 2022).

Last, the immune system mediates the effect of IM on CRC. Changes in crosstalk between the mucosal immune system and IM are considered to be the core defects leading to chronic gut inflammation and cancer progression (Liu et al., 2013). IM can promote tumor growth in mice by regulating immune responses, such as increasing interferon gamma (IFN-γ)-producing T cells and decreasing interleukin 17a (IL-17a)- and IL-10-producing T cells (Sethi et al., 2018). In addition, IM plays a role in memory T cell formation (Liu et al., 2020) and can stimulate CRC cells to produce chemokines that facilitate the recruitment of beneficial T cells to the tumor tissue (Cremonesi et al., 2018). Crosstalk between IM and monocyte-like macrophages can mediate an inflammatory response to promote colitis-related tumorigenesis (Yang et al., 2020b). IM can regulate the host immune system by regulating L-tryptophan metabolism, which plays a crucial role in the balance between intestinal immune tolerance and IM maintenance (Gao et al., 2018). Furthermore, changes in IM can lead to changes in glycerophospholipid metabolism, thereby affecting the therapeutic effect of immunotherapy (Xu et al., 2020).




4.2.5 Regulating IM for prevention and treatment of CRC

IM modification in CRC management is of great significance, as it not only prevents the formation and progression of CRC but also improves the clinical efficacy of cancer patients and reduces adverse events (Fong et al., 2020; Kaźmierczak-Siedlecka et al., 2020). Currently, IM intervention to adjust CRC mainly includes the following aspects:



4.2.5.1 Probiotics and prebiotics

Probiotic supplementation can alter the microbiota structure, modulate inflammatory responses, and prevent CRC. Prebiotic-induced anti-tumor immunity attenuates CRC growth (Li et al., 2020). Specifically, Bifidobacterium fragilis may effectively improve chronic inflammation-induced intestinal epithelial damage and prevent the progression of colon tumors (Shao et al., 2021). Clostridium butyricum (a butyrate-producing probiotic) inhibits the development of CRC by regulating Wnt signal transduction and IM (Chen et al., 2020). Lactobacillus casei BL23 may prevent colitis-associated CRC. Lactobacillus paracasei-derived extracellular vesicles may reduce intestinal inflammation by enhancing the endoplasmic reticulum stress pathway (Choi et al., 2020). Reuterin, produced by Lactobacillus reuteri, can inhibit the growth of CRC cells by altering the redox balance (Bell et al., 2022). In addition, probiotic use can enhance the antitumor effect of 5-FU chemotherapy (Genaro et al., 2019) and is linked to favorable clinical outcomes in immunotherapy (Takada et al., 2021).




4.2.5.2 Diet, nutrition and dietary fiber

IM is a key effector between diet and cancer, and dietary adjustment is expected to reduce the incidence of CRC (O'Keefe, 2016; Sánchez-Alcoholado et al., 2020; Song et al., 2020). For instance, compared with fruits and vegetables, the high intake of red meat seems to be related to the growth of bacteria that may lead to a worse intestinal environment (Feng et al., 2015). Carbohydrate residues stimulate the production of metabolites that maintain mucosal health, while protein residues and fat-stimulated bile acids may lead to proinflammatory and carcinogenic metabolites (O'Keefe, 2016). Dietary emulsifier-induced alterations in the microbiome may promote low-grade inflammation and colon carcinogenesis (Viennois et al., 2017), and a high-fat diet can promote colorectal tumorigenesis by modulating IM and metabolites (Yang J. et al., 2022). Furthermore, polyphenol-rich foods can increase the number of butyrate producers and probiotics, thereby alleviating colitis and inhibiting CRC (Zhao and Jiang, 2021). A diet rich in dietary fiber and whole grains was linked to a lower risk of F. nucleatum-positive CRC (Mehta et al., 2017). Moreover, dietary fiber can correct the composition of IM, promote the production of SCFAs, inhibit colorectal carcinogenesis (Bishehsari et al., 2018) and enhance anti-PD-1 efficacy (Zhang et al., 2021).




4.2.5.3 Fecal microbiota transplantation

The main benefits of FMT include regulating the efficacy of immunotherapy, improving bile acid metabolism, and restoring intestinal microbial diversity (Kaźmierczak-Siedlecka et al., 2020). An animal study (Chang et al., 2020) showed that FMT can protect CRC from intestinal injury, upregulation of Toll-like receptors, and chemotherapy-induced toxicity. FMT has a protective effect on colitis-associated cancer by restoring IM, reducing proinflammatory factors, increasing anti-inflammatory factors, and inducing regulatory T cells (Wang et al., 2019). Furthermore, FMT can improve the efficacy of cancer immunotherapy and reduce its side effects (Kang and Cai, 2021). For example, some studies demonstrated that FMT can enhance the efficacy of anti-PD-1 immunotherapy (Huang et al., 2022) and effectively treat immunotherapy-associated colitis (Wang et al., 2018).




4.2.5.4 Provision of specific microbiota

F. nucleatum-specific phages isolated were linked to dextran nanoparticles loaded with CRC chemotherapeutics to form phage-guided nanomedicines, which could effectively hinder the growth of F. nucleatum, prolong the survival of CRC mice, reduce the number of adenomas, and increase the efficacy of chemotherapy in CRC (Zheng et al., 2019). A study (Dong et al., 2020) screened a specific F. nucleatum-binding M13 phage to regulate IM and reshape the tumor immune microenvironment for CRC, which prolonged the overall survival of orthotopic CRC mice. In addition, the introduction of Spirillum hepaticum into CRC mice increased tumor cytotoxic lymphocyte infiltration and inhibited tumor growth; therefore, the introduction of immunogenic intestinal bacteria can promote T follicular helper cell-related anti-tumor immunity, providing a therapeutic method for CRC (Overacre-Delgoffe et al., 2021).




4.2.5.5 Antibiotics

Increasing evidence has revealed that antibiotic use can change IM and is linked to an increased risk of CRC. Long-term antibiotic use in early middle adulthood is also linked to an increased risk of colorectal adenomas (Cao et al., 2018). A clinical study (Zhang J. et al., 2019) examining the association between oral antibiotic use and CRC risk found that oral antibiotics increased the risk of colon cancer and decreased that of rectal cancer. An animal study (Yuan et al., 2018) showed that antibiotic use destroyed the IM of mice, resulting in a reduction in the antitumor efficacy of 5-FU. In addition, antibiotic use has been linked to worse clinical outcomes in immunotherapy-treated patients with cancer (Chen et al., 2021; Tsikala-Vafea et al., 2021).




4.2.5.6 Traditional Chinese medicine

Traditional Chinese medicine may manage CRC by adjusting IM. For example, neohesperidin can prevent colorectal tumorigenesis by altering IM (Gong et al., 2019). Ophiocordyceps sinensis can attenuate colitis-associated cancer by increasing the abundance of probiotics (Ji et al., 2021). YYFZBJS inhibits CRC progression by reforming IM and inhibiting regulatory T cell generation (Sui et al., 2020). Gegen Qinlian Decoction can enhance PD-1 immunotherapy in CRC by remodeling microsatellites to stabilize the IM and tumor microenvironment (Lv et al., 2019).






4.3 Limitations of the research

Our study has some limitations. First, only papers in the SCI-E of WoSCC were searched and included; this could not cover all studies in multiple databases worldwide, which may cause some incompleteness in the results. Second, bibliometric tools cannot currently analyze the entire content of papers, and some concrete information may be ignored. The analysis of high-cited papers and high-IF papers made up for these shortcomings and limitations. Third, this study only analyzed papers at the current stage, and some newly published papers may have higher significance but are cited less currently.





5 Conclusions

In the past ten years, interest in IM/CRC research has increased rapidly, and researchers from China and the United States have made important contributions to this field. We found that IM not only affects the onset and development of CRC, but may also be used as a biomarker to screen CRC patients, predict the prognosis of CRC, and determine the efficacy of cancer treatment. Determining the dynamics of IM may help to elucidate the pathogenesis of CRC. Fecal detection of microbial markers based on metagenomics can effectively quantify IM, and is expected to become a new method for early CRC screening. Given the regional variation, it is necessary to build localized baseline and disease models to predict the risk of CRC. Modifying IM can not only prevent CRC but also improve the clinical efficacy of cancer treatment. IM-centric interventions may be the next breakthrough for the prevention, screening and treatment of CRC. We can change the IM of CRC patients by diet, probiotics and FMT, and host’ response to CRC treatment. Knowing the mechanism of the links between IM and CRC, and then adjusting IM to prevent and treat CRC, is a captivating direction for research. With the sustained development of IM/CRC research, using IM as a screening, prognostic, and predictive biomarker will be extremely likely in the future. In short, this study showed the global research status of IM/CRC, offers scholars a better understanding of the development trend of IM/CRC, and indicates an overall perspective for further in-depth study.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

SY: manuscript writing, data collection and inspection, investigation, and figure preparation. SH: manuscript revision, data collection and inspection, and figure preparation. XZ: manuscript check and review, methodology, and supervision. HY: manuscript review and polishing, methodology, and supervision. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by the National Natural Science Foundation of China (No.81803910, No.81973615), Capital’s Funds for Health Improvement and Research (No.2022-2-4077, No.2022-2-40711) the New Teacher Start-up Fund Project of Beijing University of Chinese Medicine (2022-BUCMXJKY-023) and the Qi-Huang Scholar Chief Scientist Program of National Administration of Traditional Chinese Medicine Leading Talents Support Program (2021).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2023.1083987/full#supplementary-material




References

 Ahn, J., Sinha, R., Pei, Z., Dominianni, C., Wu, J., Shi, J., et al. (2013). Human gut microbiome and risk for colorectal cancer. J. Natl. Cancer Inst 105 (24), 1907–1911. doi: 10.1093/jnci/djt300

 Akimoto, N., Ugai, T., Zhong, R., Hamada, T., Fujiyoshi, K., Giannakis, M., et al. (2021). Rising incidence of early-onset colorectal cancer - a call to action. Nat. Rev. Clin. Oncol. 18 (4), 230–243. doi: 10.1038/s41571-020-00445-1

 Alvandi, E., Wong, W., Joglekar, M. V., Spring, K. J., and Hardikar, A. A. (2022). Short-chain fatty acid concentrations in the incidence and risk-stratification of colorectal cancer: a systematic review and meta-analysis. BMC Med. 20 (1), 323. doi: 10.1186/s12916-022-02529-4

 Arthur, J. C., Perez-Chanona, E., Mühlbauer, M., Tomkovich, S., Uronis, J. M., Fan, T. J., et al. (2012). Intestinal inflammation targets cancer-inducing activity of the microbiota. Science 338 (6103), 120–123. doi: 10.1126/science.1224820

 Bae, S., Ulrich, C. M., Neuhouser, M. L., Malysheva, O., Bailey, L. B., Xiao, L., et al. (2014). Plasma choline metabolites and colorectal cancer risk in the women's health initiative observational study. Cancer Res. 74 (24), 7442–7452. doi: 10.1158/0008-5472.CAN-14-1835

 Bao, Y., Tang, J., Qian, Y., Sun, T., Chen, H., Chen, Z., et al. (2019). Long noncoding RNA BFAL1 mediates enterotoxigenic bacteroides fragilis-related carcinogenesis in colorectal cancer via the RHEB/mTOR pathway. Cell Death Dis. 10 (9), 675. doi: 10.1038/s41419-019-1925-2

 Belcheva, A., Irrazabal, T., Robertson, S. J., Streutker, C., Maughan, H., Rubino, S., et al. (2014). Gut microbial metabolism drives transformation of MSH2-deficient colon epithelial cells. Cell 158 (2), 288–299. doi: 10.1016/j.cell.2014.04.051

 Bell, H. N., Rebernick, R. J., Goyert, J., Singhal, R., Kuljanin, M., Kerk, S. A., et al. (2022). Reuterin in the healthy gut microbiome suppresses colorectal cancer growth through altering redox balance. Cancer Cell 40 (2), 185–200.e6. doi: 10.1016/j.ccell.2021.12.001

 Bishehsari, F., Engen, P. A., Preite, N. Z., Tuncil, Y. E., Naqib, A., Shaikh, M., et al. (2018). Dietary fiber treatment corrects the composition of gut microbiota, promotes SCFA production, and suppresses colon carcinogenesis. Genes (Basel) 9 (2), 102. doi: 10.3390/genes9020102

 Boleij, A., and Tjalsma, H. (2013). The itinerary of streptococcus gallolyticus infection in patients with colonic malignant disease. Lancet Infect. Dis. 13 (8), 719–724. doi: 10.1016/S1473-3099(13)70107-5

 Bonnet, M., Buc, E., Sauvanet, P., Darcha, C., Dubois, D., Pereira, B., et al. (2014). Colonization of the human gut by e. coli and colorectal cancer risk. Clin. Cancer Res. 20 (4), 859–867. doi: 10.1158/1078-0432.CCR-13-1343

 Cai, J., Sun, L., and Gonzalez, F. J. (2022). Gut microbiota-derived bile acids in intestinal immunity, inflammation, and tumorigenesis. Cell Host Microbe 30 (3), 289–300. doi: 10.1016/j.chom.2022.02.004

 Cani, P. D., and Jordan, B. F. (2018). Gut microbiota-mediated inflammation in obesity: a link with gastrointestinal cancer. Nat. Rev. Gastroenterol. Hepatol. 15 (11), 671–682. doi: 10.1038/s41575-018-0025-6

 Cao, Y., Wu, K., Mehta, R., Drew, D. A., Song, M., Lochhead, P., et al. (2018). Long-term use of antibiotics and risk of colorectal adenoma. Gut 67 (4), 672–678. doi: 10.1136/gutjnl-2016-313413

 Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7 (5), 335–336. doi: 10.1038/nmeth.f.303

 Carbonero, F., Benefiel, A. C., and Gaskins, H. R. (2012). Contributions of the microbial hydrogen economy to colonic homeostasis. Nat. Rev. Gastroenterol. Hepatol. 9 (9), 504–518. doi: 10.1038/nrgastro.2012.85

 Castellarin, M., Warren, R. L., Freeman, J. D., Dreolini, L., Krzywinski, M., Strauss, J., et al. (2012). Fusobacterium nucleatum infection is prevalent in human colorectal carcinoma. Genome Res. 22 (2), 299–306. doi: 10.1101/gr.126516.111

 Chang, C. W., Lee, H. C., Li, L. H., Chiang Chiau, J. S., Wang, T. E., Chuang, W. H., et al. (2020). Fecal microbiota transplantation prevents intestinal injury, upregulation of toll-like receptors, and 5-Fluorouracil/Oxaliplatin-Induced toxicity in colorectal cancer. Int. J. Mol. Sci. 21 (2), 386. doi: 10.3390/ijms21020386

 Chen, H., Han, K. D., He, Z. J., and Huang, Y. S. (2021). How to choose a survival period? the impact of antibiotic use on OS or PFS in NSCLC patients treated with immune checkpoint inhibitors: A systematic review and meta-analysis. Technol. Cancer Res. Treat 20, 15330338211033498. doi: 10.1177/15330338211033498

 Chen, D., Jin, D., Huang, S., Wu, J., Xu, M., Liu, T., et al. (2020). Clostridium butyricum, a butyrate-producing probiotic, inhibits intestinal tumor development through modulating wnt signaling and gut microbiota. Cancer Lett. 469, 456–467. doi: 10.1016/j.canlet.2019.11.019

 Chen, W., Liu, F., Ling, Z., Tong, X., and Xiang, C. (2012). Human intestinal lumen and mucosa-associated microbiota in patients with colorectal cancer. PloS One 7 (6), e39743. doi: 10.1371/journal.pone.0039743

 Cheng, Y., Ling, Z., and Li, L. (2020). The intestinal microbiota and colorectal cancer. Front. Immunol. 11. doi: 10.3389/fimmu.2020.615056

 Choi, J. H., Moon, C. M., Shin, T. S., Kim, E. K., McDowell, A., Jo, M. K., et al. (2020). Lactobacillus paracasei-derived extracellular vesicles attenuate the intestinal inflammatory response by augmenting the endoplasmic reticulum stress pathway. Exp. Mol. Med. 52 (3), 423–437. doi: 10.1038/s12276-019-0359-3

 Coker, O. O., Nakatsu, G., Dai, R. Z., Wu, W., Wong, S. H., Ng, S. C., et al. (2019). Enteric fungal microbiota dysbiosis and ecological alterations in colorectal cancer. Gut 68 (4), 654–662. doi: 10.1136/gutjnl-2018-317178

 Coker, O. O., Wu, W., Wong, S. H., Sung, J., and Yu, J. (2020). Altered gut archaea composition and interaction with bacteria are associated with colorectal cancer. Gastroenterology 159 (4), 1459–1470.e5. doi: 10.1053/j.gastro.2020.06.042

 Couturier-Maillard, A., Secher, T., Rehman, A., Normand, S., De Arcangelis, A., Haesler, R., et al. (2013). NOD2-mediated dysbiosis predisposes mice to transmissible colitis and colorectal cancer. J. Clin. Invest. 123 (2), 700–711. doi: 10.1172/JCI62236

 Cremonesi, E., Governa, V., Garzon, J., Mele, V., Amicarella, F., Muraro, M. G., et al. (2018). Gut microbiota modulate T cell trafficking into human colorectal cancer. Gut 67 (11), 1984–1994. doi: 10.1136/gutjnl-2016-313498

 Dai, Z., Coker, O. O., Nakatsu, G., Wu, W., Zhao, L., Chen, Z., et al. (2018). Multi-cohort analysis of colorectal cancer metagenome identified altered bacteria across populations and universal bacterial markers. Microbiome 6 (1), 70. doi: 10.1186/s40168-018-0451-2

 Dalmasso, G., Cougnoux, A., Delmas, J., Darfeuille-Michaud, A., and Bonnet, R. (2014). The bacterial genotoxin colibactin promotes colon tumor growth by modifying the tumor microenvironment. Gut Microbes 5 (5), 675–680. doi: 10.4161/19490976.2014.969989

 Dejea, C. M., Fathi, P., Craig, J. M., Boleij, A., Taddese, R., Geis, A. L., et al. (2018). Patients with familial adenomatous polyposis harbor colonic biofilms containing tumorigenic bacteria. Science 359 (6375), 592–597. doi: 10.1126/science.aah3648

 Dong, X., Pan, P., Zheng, D. W., Bao, P., Zeng, X., and Zhang, X. Z. (2020). Bioinorganic hybrid bacteriophage for modulation of intestinal microbiota to remodel tumor-immune microenvironment against colorectal cancer. Sci. Adv. 6 (20), eaba1590. doi: 10.1126/sciadv.aba1590

 Feng, Q., Liang, S., Jia, H., Stadlmayr, A., Tang, L., Lan, Z., et al. (2015). Gut microbiome development along the colorectal adenoma-carcinoma sequence. Nat. Commun. 6, 6528. doi: 10.1038/ncomms7528

 Flemer, B., Lynch, D. B., Brown, J. M., Jeffery, I. B., Ryan, F. J., Claesson, M. J., et al. (2017). Tumour-associated and non-tumour-associated microbiota in colorectal cancer. Gut 66 (4), 633–643. doi: 10.1136/gutjnl-2015-309595

 Fong, W., Li, Q., and Yu, J. (2020). Gut microbiota modulation: a novel strategy for prevention and treatment of colorectal cancer. Oncogene 39 (26), 4925–4943. doi: 10.1038/s41388-020-1341-1

 Gagnière, J., Raisch, J., Veziant, J., Barnich, N., Bonnet, R., Buc, E., et al. (2016). Gut microbiota imbalance and colorectal cancer. World J. Gastroenterol. 22 (2), 501–518. doi: 10.3748/wjg.v22.i2.501

 Gao, J., Xu, K., Liu, H., Liu, G., Bai, M., Peng, C., et al. (2018). Impact of the gut microbiota on intestinal immunity mediated by tryptophan metabolism. Front. Cell Infect. Microbiol. 8. doi: 10.3389/fcimb.2018.00013

 Geis, A. L., Fan, H., Wu, X., Wu, S., Huso, D. L., Wolfe, J. L., et al. (2015). Regulatory T-cell response to enterotoxigenic bacteroides fragilis colonization triggers IL17-dependent colon carcinogenesis. Cancer Discovery 5 (10), 1098–1109. doi: 10.1158/2159-8290.CD-15-0447

 Genaro, S. C., Lima de Souza Reis, L. S., Reis, S. K., Rabelo Socca, E. A., and Fávaro, W. J. (2019). Probiotic supplementation attenuates the aggressiveness of chemically induced colorectal tumor in rats. Life Sci. 237, 116895. doi: 10.1016/j.lfs.2019.116895

 Gong, Y., Dong, R., Gao, X., Li, J., Jiang, L., Zheng, J., et al. (2019). Neohesperidin prevents colorectal tumorigenesis by altering the gut microbiota. Pharmacol. Res. 148, 104460. doi: 10.1016/j.phrs.2019.104460

 Guo, S., Li, L., Xu, B., Li, M., Zeng, Q., Xiao, H., et al. (2018). A simple and novel fecal biomarker for colorectal cancer: Ratio of fusobacterium nucleatum to probiotics populations, based on their antagonistic effect. Clin. Chem. 64 (9), 1327–1337. doi: 10.1373/clinchem.2018.289728

 Hashemi Goradel, N., Heidarzadeh, S., Jahangiri, S., Farhood, B., Mortezaee, K., Khanlarkhani, N., et al. (2019). Fusobacterium nucleatum and colorectal cancer: A mechanistic overview. J. Cell Physiol. 234 (3), 2337–2344. doi: 10.1002/jcp.27250

 Hofseth, L. J., Hebert, J. R., Chanda, A., Chen, H., Love, B. L., Pena, M. M., et al. (2020). Early-onset colorectal cancer: initial clues and current views. Nat. Rev. Gastroenterol. Hepatol. 17 (6), 352–364. doi: 10.1038/s41575-019-0253-4

 Hong, J., Guo, F., Lu, S. Y., Shen, C., Ma, D., Zhang, X., et al. (2021). F. nucleatum targets lncRNA ENO1-IT1 to promote glycolysis and oncogenesis in colorectal cancer. Gut 70 (11), 2123–2137. doi: 10.1136/gutjnl-2020-322780

 Hu, S., Liu, L., Chang, E. B., Wang, J. Y., and Raufman, J. P. (2015). Butyrate inhibits pro-proliferative miR-92a by diminishing c-myc-induced miR-17-92a cluster transcription in human colon cancer cells. Mol. Cancer 14, 180. doi: 10.1186/s12943-015-0450-x

 Huang, J., Zheng, X., Kang, W., Hao, H., Mao, Y., Zhang, H., et al. (2022). Metagenomic and metabolomic analyses reveal synergistic effects of fecal microbiota transplantation and anti-PD-1 therapy on treating colorectal cancer. Front. Immunol. 13. doi: 10.3389/fimmu.2022.874922

 Janney, A., Powrie, F., and Mann, E. H. (2020). Host-microbiota maladaptation in colorectal cancer. Nature 585 (7826), 509–517. doi: 10.1038/s41586-020-2729-3

 Ji, Y., Tao, T., Zhang, J., Su, A., Zhao, L., Chen, H., et al. (2021). Comparison of effects on colitis-associated tumorigenesis and gut microbiota in mice between ophiocordyceps sinensis and cordyceps militaris. Phytomedicine 90, 153653. doi: 10.1016/j.phymed.2021.153653

 Jia, W., Xie, G., and Jia, W. (2018). Bile acid-microbiota crosstalk in gastrointestinal inflammation and carcinogenesis. Nat. Rev. Gastroenterol. Hepatol. 15 (2), 111–128. doi: 10.1038/nrgastro.2017.119

 Kang, Y. B., and Cai, Y. (2021). Faecal microbiota transplantation enhances efficacy of immune checkpoint inhibitors therapy against cancer. World J. Gastroenterol. 27 (32), 5362–5375. doi: 10.3748/wjg.v27.i32.5362

 Kaźmierczak-Siedlecka, K., Daca, A., Fic, M., van de Wetering, T., Folwarski, M., and Makarewicz, W. (2020). Therapeutic methods of gut microbiota modification in colorectal cancer management - fecal microbiota transplantation, prebiotics, probiotics, and synbiotics. Gut Microbes 11 (6), 1518–1530. doi: 10.1080/19490976.2020.1764309

 Kho, Z. Y., and Lal, S. K. (2018). The human gut microbiome - a potential controller of wellness and disease. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.01835

 Kim, J., and Lee, H. K. (2021). Potential role of the gut microbiome in colorectal cancer progression. Front. Immunol. 12. doi: 10.3389/fimmu.2021.807648

 Konstantinov, S. R., Kuipers, E. J., and Peppelenbosch, M. P. (2013). Functional genomic analyses of the gut microbiota for CRC screening. Nat. Rev. Gastroenterol. Hepatol. 10 (12), 741–745. doi: 10.1038/nrgastro.2013.178

 Kostic, A. D., Chun, E., Robertson, L., Glickman, J. N., Gallini, C. A., Michaud, M., et al. (2013). Fusobacterium nucleatum potentiates intestinal tumorigenesis and modulates the tumor-immune microenvironment. Cell Host Microbe 14 (2), 207–215. doi: 10.1016/j.chom.2013.07.007

 Li, Y., Elmén, L., Segota, I., Xian, Y., Tinoco, R., Feng, Y., et al. (2020). Prebiotic-induced anti-tumor immunity attenuates tumor growth. Cell Rep. 30 (6), 1753–1766.e6. doi: 10.1016/j.celrep.2020.01.035

 Li, Q., Hu, W., Liu, W. X., Zhao, L. Y., Huang, D., Liu, X. D., et al. (2021). Streptococcus thermophilus inhibits colorectal tumorigenesis through secreting β-galactosidase. Gastroenterology 160 (4), 1179–1193.e14. doi: 10.1053/j.gastro.2020.09.003

 Li, L., Li, X., Zhong, W., Yang, M., Xu, M., Sun, Y., et al. (2019). Gut microbiota from colorectal cancer patients enhances the progression of intestinal adenoma in apc(min/+) mice. EBioMedicine 48, 301–315. doi: 10.1016/j.ebiom.2019.09.021

 Liang, Q., Chiu, J., Chen, Y., Huang, Y., Higashimori, A., Fang, J., et al. (2017). Fecal bacteria act as novel biomarkers for noninvasive diagnosis of colorectal cancer. Clin. Cancer Res. 23 (8), 2061–2070. doi: 10.1158/1078-0432.CCR-16-1599

 Liang, J. Q., Li, T., Nakatsu, G., Chen, Y. X., Yau, T. O., Chu, E., et al. (2020). A novel faecal lachnoclostridium marker for the non-invasive diagnosis of colorectal adenoma and cancer. Gut 69 (7), 1248–1257. doi: 10.1136/gutjnl-2019-318532

 Liu, Z., Cao, A. T., and Cong, Y. (2013). Microbiota regulation of inflammatory bowel disease and colorectal cancer. Semin. Cancer Biol. 23 (6 Pt B), 543–552. doi: 10.1016/j.semcancer.2013.09.002

 Liu, Q., Sun, Z., and Chen, L. (2020). Memory T cells: strategies for optimizing tumor immunotherapy. Protein Cell 11 (8), 549–564. doi: 10.1007/s13238-020-00707-9

 Liu, L., Tabung, F. K., Zhang, X., Nowak, J. A., Qian, Z. R., Hamada, T., et al. (2018). Diets that promote colon inflammation associate with risk of colorectal carcinomas that contain fusobacterium nucleatum. Clin. Gastroenterol. Hepatol. 16 (10), 1622–1631.e3. doi: 10.1016/j.cgh.2018.04.030

 Liu, Y., Xu, Y., Cheng, X., Lin, Y., Jiang, S., Yu, H., et al. (2022). Research trends and most influential clinical studies on anti-PD1/PDL1 immunotherapy for cancers: A bibliometric analysis. Front. Immunol. 13. doi: 10.3389/fimmu.2022.862084

 Louis, P., Hold, G. L., and Flint, H. J. (2014). The gut microbiota, bacterial metabolites and colorectal cancer. Nat. Rev. Microbiol. 12 (10), 661–672. doi: 10.1038/nrmicro3344

 Lv, J., Jia, Y., Li, J., Kuai, W., Li, Y., Guo, F., et al. (2019). Gegen qinlian decoction enhances the effect of PD-1 blockade in colorectal cancer with microsatellite stability by remodelling the gut microbiota and the tumour microenvironment. Cell Death Dis. 10 (6), 415. doi: 10.1038/s41419-019-1638-6

 Ma, L., Ma, J., Teng, M., and Li, Y. (2022). Visual analysis of colorectal cancer immunotherapy: A bibliometric analysis from 2012 to 2021. Front. Immunol. 13. doi: 10.3389/fimmu.2022.843106

 Malik, A., Sharma, D., Malireddi, R., Guy, C. S., Chang, T. C., Olsen, S. R., et al. (2018). SYK-CARD9 signaling axis promotes gut fungi-mediated inflammasome activation to restrict colitis and colon cancer. Immunity 49 (3), 515–530.e5. doi: 10.1016/j.immuni.2018.08.024

 Man, S. M., Zhu, Q., Zhu, L., Liu, Z., Karki, R., Malik, A., et al. (2015). Critical role for the DNA sensor AIM2 in stem cell proliferation and cancer. Cell 162 (1), 45–58. doi: 10.1016/j.cell.2015.06.001

 Marchesi, J. R., Adams, D. H., Fava, F., Hermes, G. D., Hirschfield, G. M., Hold, G., et al. (2016). The gut microbiota and host health: a new clinical frontier. Gut 65 (2), 330–339. doi: 10.1136/gutjnl-2015-309990

 Marchesi, J. R., Dutilh, B. E., Hall, N., Peters, W. H., Roelofs, R., Boleij, A., et al. (2011). Towards the human colorectal cancer microbiome. PloS One 6 (5), e20447. doi: 10.1371/journal.pone.0020447

 Mehta, R. S., Nishihara, R., Cao, Y., Song, M., Mima, K., Qian, Z. R., et al. (2017). Association of dietary patterns with risk of colorectal cancer subtypes classified by fusobacterium nucleatum in tumor tissue. JAMA Oncol. 3 (7), 921–927. doi: 10.1001/jamaoncol.2016.6374

 Mima, K., Nishihara, R., Qian, Z. R., Cao, Y., Sukawa, Y., Nowak, J. A., et al. (2016). Fusobacterium nucleatum in colorectal carcinoma tissue and patient prognosis. Gut 65 (12), 1973–1980. doi: 10.1136/gutjnl-2015-310101

 Mima, K., Sukawa, Y., Nishihara, R., Qian, Z. R., Yamauchi, M., Inamura, K., et al. (2015). Fusobacterium nucleatum and T cells in colorectal carcinoma. JAMA Oncol. 1 (5), 653–661. doi: 10.1001/jamaoncol.2015.1377

 Nakatsu, G., Li, X., Zhou, H., Sheng, J., Wong, S. H., Wu, W. K., et al. (2015). Gut mucosal microbiome across stages of colorectal carcinogenesis. Nat. Commun. 6, 8727. doi: 10.1038/ncomms9727

 Nakatsu, G., Zhou, H., Wu, W., Wong, S. H., Coker, O. O., Dai, Z., et al. (2018). Alterations in enteric virome are associated with colorectal cancer and survival outcomes. Gastroenterology 155 (2), 529–541.e5. doi: 10.1053/j.gastro.2018.04.018

 O'Keefe, S. J. (2016). Diet, microorganisms and their metabolites, and colon cancer. Nat. Rev. Gastroenterol. Hepatol. 13 (12), 691–706. doi: 10.1038/nrgastro.2016.165

 Oh, B., Boyle, F., Pavlakis, N., Clarke, S., Eade, T., Hruby, G., et al. (2021). The gut microbiome and cancer immunotherapy: Can we use the gut microbiome as a predictive biomarker for clinical response in cancer immunotherapy. Cancers (Basel) 13 (19), 4824. doi: 10.3390/cancers13194824

 Overacre-Delgoffe, A. E., Bumgarner, H. J., Cillo, A. R., Burr, A., Tometich, J. T., Bhattacharjee, A., et al. (2021). Microbiota-specific T follicular helper cells drive tertiary lymphoid structures and anti-tumor immunity against colorectal cancer. Immunity 54 (12), 2812–2824.e4. doi: 10.1016/j.immuni.2021.11.003

 Pleguezuelos-Manzano, C., Puschhof, J., Rosendahl Huber, A., van Hoeck, A., Wood, H. M., Nomburg, J., et al. (2020). Mutational signature in colorectal cancer caused by genotoxic pks(+) e. coli. Nat. 580 (7802), 269–273. doi: 10.1038/s41586-020-2080-8

 Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., et al. (2010). A human gut microbial gene catalogue established by metagenomic sequencing. Nature 464 (7285), 59–65. doi: 10.1038/nature08821

 Roberti, M. P., Yonekura, S., Duong, C., Picard, M., Ferrere, G., Tidjani Alou, M., et al. (2020). Chemotherapy-induced ileal crypt apoptosis and the ileal microbiome shape immunosurveillance and prognosis of proximal colon cancer. Nat. Med. 26 (6), 919–931. doi: 10.1038/s41591-020-0882-8

 Rosshart, S. P., Vassallo, B. G., Angeletti, D., Hutchinson, D. S., Morgan, A. P., Takeda, K., et al. (2017). Wild mouse gut microbiota promotes host fitness and improves disease resistance. Cell 171 (5), 1015–1028.e13. doi: 10.1016/j.cell.2017.09.016

 Saito, T., Nishikawa, H., Wada, H., Nagano, Y., Sugiyama, D., Atarashi, K., et al. (2016). Two FOXP3(+)CD4(+) T cell subpopulations distinctly control the prognosis of colorectal cancers. Nat. Med. 22 (6), 679–684. doi: 10.1038/nm.4086

 Sánchez-Alcoholado, L., Ramos-Molina, B., Otero, A., Laborda-Illanes, A., Ordóñez, R., Medina, J. A., et al. (2020). The role of the gut microbiome in colorectal cancer development and therapy response. Cancers (Basel) 12 (6), 1406. doi: 10.3390/cancers12061406

 Schmitt, M., and Greten, F. R. (2021). The inflammatory pathogenesis of colorectal cancer. Nat. Rev. Immunol. 21 (10), 653–667. doi: 10.1038/s41577-021-00534-x

 Scott, T. A., Quintaneiro, L. M., Norvaisas, P., Lui, P. P., Wilson, M. P., Leung, K. Y., et al. (2017). Host-microbe Co-metabolism dictates cancer drug efficacy in c. elegans. Cell 169 (3), 442–456.e18. doi: 10.1016/j.cell.2017.03.040

 Sears, C. L., Geis, A. L., and Housseau, F. (2014). Bacteroides fragilis subverts mucosal biology: from symbiont to colon carcinogenesis. J. Clin. Invest. 124 (10), 4166–4172. doi: 10.1172/JCI72334

 Sears, C. L., and Pardoll, D. M. (2011). Perspective: alpha-bugs, their microbial partners, and the link to colon cancer. J. Infect. Dis. 203 (3), 306–311. doi: 10.1093/jinfdis/jiq061

 Serna, G., Ruiz-Pace, F., Hernando, J., Alonso, L., Fasani, R., Landolfi, S., et al. (2020). Fusobacterium nucleatum persistence and risk of recurrence after preoperative treatment in locally advanced rectal cancer. Ann. Oncol. 31 (10), 1366–1375. doi: 10.1016/j.annonc.2020.06.003

 Sethi, V., Kurtom, S., Tarique, M., Lavania, S., Malchiodi, Z., Hellmund, L., et al. (2018). Gut microbiota promotes tumor growth in mice by modulating immune response. Gastroenterology 155 (1), 33–37.e6. doi: 10.1053/j.gastro.2018.04.001

 Shao, X., Sun, S., Zhou, Y., Wang, H., Yu, Y., Hu, T., et al. (2021). Bacteroides fragilis restricts colitis-associated cancer via negative regulation of the NLRP3 axis. Cancer Lett. 523, 170–181. doi: 10.1016/j.canlet.2021.10.002

 Shen, J., Shen, H., Ke, L., Chen, J., Dang, X., Liu, B., et al. (2022). Knowledge mapping of immunotherapy for hepatocellular carcinoma: A bibliometric study. Front. Immunol. 13. doi: 10.3389/fimmu.2022.815575

 Siegel, R. L., Miller, K. D., Goding Sauer, A., Fedewa, S. A., Butterly, L. F., Anderson, J. C., et al. (2020). Colorectal cancer statistics, 2020. CA Cancer J. Clin. 70 (3), 145–164. doi: 10.3322/caac.21601

 Singh, N., Gurav, A., Sivaprakasam, S., Brady, E., Padia, R., Shi, H., et al. (2014). Activation of Gpr109a, receptor for niacin and the commensal metabolite butyrate, suppresses colonic inflammation and carcinogenesis. Immunity 40 (1), 128–139. doi: 10.1016/j.immuni.2013.12.007

 Sobhani, I., Tap, J., Roudot-Thoraval, F., Roperch, J. P., Letulle, S., Langella, P., et al. (2011). Microbial dysbiosis in colorectal cancer (CRC) patients. PloS One 6 (1), e16393. doi: 10.1371/journal.pone.0016393

 Song, M., Chan, A. T., and Sun, J. (2020). Influence of the gut microbiome, diet, and environment on risk of colorectal cancer. Gastroenterology 158 (2), 322–340. doi: 10.1053/j.gastro.2019.06.048

 Sugimura, N., Li, Q., Chu, E., Lau, H., Fong, W., Liu, W., et al. (2021). Lactobacillus gallinarum modulates the gut microbiota and produces anti-cancer metabolites to protect against colorectal tumourigenesis. Gut 71 (10), 2011–2021. doi: 10.1136/gutjnl-2020-323951

 Sui, H., Zhang, L., Gu, K., Chai, N., Ji, Q., Zhou, L., et al. (2020). YYFZBJS ameliorates colorectal cancer progression in Apc(Min/+) mice by remodeling gut microbiota and inhibiting regulatory T-cell generation. Cell Commun. Signal 18 (1), 113. doi: 10.1186/s12964-020-00596-9

 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71 (3), 209–249. doi: 10.3322/caac.21660

 Takada, K., Shimokawa, M., Takamori, S., Shimamatsu, S., Hirai, F., Tagawa, T., et al. (2021). Clinical impact of probiotics on the efficacy of anti-PD-1 monotherapy in patients with nonsmall cell lung cancer: A multicenter retrospective survival analysis study with inverse probability of treatment weighting. Int. J. Cancer 149 (2), 473–482. doi: 10.1002/ijc.33557

 Temraz, S., Nassar, F., Nasr, R., Charafeddine, M., Mukherji, D., and Shamseddine, A. (2019). Gut microbiome: A promising biomarker for immunotherapy in colorectal cancer. Int. J. Mol. Sci. 20 (17), 4155. doi: 10.3390/ijms20174155

 Ternes, D., Tsenkova, M., Pozdeev, V. I., Meyers, M., Koncina, E., Atatri, S., et al. (2022). The gut microbial metabolite formate exacerbates colorectal cancer progression. Nat. Metab. 4 (4), 458–475. doi: 10.1038/s42255-022-00558-0

 Thomas, A. M., Manghi, P., Asnicar, F., Pasolli, E., Armanini, F., Zolfo, M., et al. (2019). Metagenomic analysis of colorectal cancer datasets identifies cross-cohort microbial diagnostic signatures and a link with choline degradation. Nat. Med. 25 (4), 667–678. doi: 10.1038/s41591-019-0405-7

 Tilg, H., Adolph, T. E., Gerner, R. R., and Moschen, A. R. (2018). The intestinal microbiota in colorectal cancer. Cancer Cell 33 (6), 954–964. doi: 10.1016/j.ccell.2018.03.004

 Tjalsma, H., Boleij, A., Marchesi, J. R., and Dutilh, B. E. (2012). A bacterial driver-passenger model for colorectal cancer: beyond the usual suspects. Nat. Rev. Microbiol. 10 (8), 575–582. doi: 10.1038/nrmicro2819

 Tsikala-Vafea, M., Belani, N., Vieira, K., Khan, H., and Farmakiotis, D. (2021). Use of antibiotics is associated with worse clinical outcomes in patients with cancer treated with immune checkpoint inhibitors: A systematic review and meta-analysis. Int. J. Infect. Dis. 106, 142–154. doi: 10.1016/j.ijid.2021.03.063

 Veziant, J., Villéger, R., Barnich, N., and Bonnet, M. (2021). Gut microbiota as potential biomarker and/or therapeutic target to improve the management of cancer: Focus on colibactin-producing escherichia coli in colorectal cancer. Cancers (Basel) 13 (9), 2155. doi: 10.3390/cancers13092215

 Viennois, E., Merlin, D., Gewirtz, A. T., and Chassaing, B. (2017). Dietary emulsifier-induced low-grade inflammation promotes colon carcinogenesis. Cancer Res. 77 (1), 27–40. doi: 10.1158/0008-5472.CAN-16-1359

 Wang, T., Cai, G., Qiu, Y., Fei, N., Zhang, M., Pang, X., et al. (2012). Structural segregation of gut microbiota between colorectal cancer patients and healthy volunteers. ISME J. 6 (2), 320–329. doi: 10.1038/ismej.2011.109

 Wang, Z., Hua, W., Li, C., Chang, H., Liu, R., Ni, Y., et al. (2019). Protective role of fecal microbiota transplantation on colitis and colitis-associated colon cancer in mice is associated with treg cells. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.02498

 Wang, Y., Wiesnoski, D. H., Helmink, B. A., Gopalakrishnan, V., Choi, K., DuPont, H. L., et al. (2018). Fecal microbiota transplantation for refractory immune checkpoint inhibitor-associated colitis. Nat. Med. 24 (12), 1804–1808. doi: 10.1038/s41591-018-0238-9

 Wang, X., Yang, Y., Moore, D. R., Nimmo, S. L., Lightfoot, S. A., and Huycke, M. M. (2012). 4-hydroxy-2-nonenal mediates genotoxicity and bystander effects caused by enterococcus faecalis-infected macrophages. Gastroenterology 142 (3), 543–551.e7. doi: 10.1053/j.gastro.2011.11.020

 Weir, T. L., Manter, D. K., Sheflin, A. M., Barnett, B. A., Heuberger, A. L., and Ryan, E. P. (2013). Stool microbiome and metabolome differences between colorectal cancer patients and healthy adults. PloS One 8 (8), e70803. doi: 10.1371/journal.pone.0070803

 Williamson, A. J., Jacobson, R., van Praagh, J. B., Gaines, S., Koo, H. Y., Lee, B., et al. (2022). Enterococcus faecalis promotes a migratory and invasive phenotype in colon cancer cells. Neoplasia 27, 100787. doi: 10.1016/j.neo.2022.100787

 Wilson, M. R., Jiang, Y., Villalta, P. W., Stornetta, A., Boudreau, P. D., Carrá, A., et al. (2019). The human gut bacterial genotoxin colibactin alkylates DNA. Science 363 (6428), 709. doi: 10.1126/science.aar7785

 Wirbel, J., Pyl, P. T., Kartal, E., Zych, K., Kashani, A., Milanese, A., et al. (2019). Meta-analysis of fecal metagenomes reveals global microbial signatures that are specific for colorectal cancer. Nat. Med. 25 (4), 679–689. doi: 10.1038/s41591-019-0406-6

 Wong, S. H., Kwong, T., Chow, T. C., Luk, A., Dai, R., Nakatsu, G., et al. (2017a). Quantitation of faecal fusobacterium improves faecal immunochemical test in detecting advanced colorectal neoplasia. Gut 66 (8), 1441–1448. doi: 10.1136/gutjnl-2016-312766

 Wong, S. H., and Yu, J. (2019). Gut microbiota in colorectal cancer: mechanisms of action and clinical applications. Nat. Rev. Gastroenterol. Hepatol. 16 (11), 690–704. doi: 10.1038/s41575-019-0209-8

 Wong, S. H., Zhao, L., Zhang, X., Nakatsu, G., Han, J., Xu, W., et al. (2017b). Gavage of fecal samples from patients with colorectal cancer promotes intestinal carcinogenesis in germ-free and conventional mice. Gastroenterology 153 (6), 1621–1633.e6. doi: 10.1053/j.gastro.2017.08.022

 Wu, S., Rhee, K. J., Albesiano, E., Rabizadeh, S., Wu, X., Yen, H. R., et al. (2009). A human colonic commensal promotes colon tumorigenesis via activation of T helper type 17 T cell responses. Nat. Med. 15 (9), 1016–1022. doi: 10.1038/nm.2015

 Wu, Y., Wu, J., Chen, T., Li, Q., Peng, W., Li, H., et al. (2018). Fusobacterium nucleatum potentiates intestinal tumorigenesis in mice via a toll-like receptor 4/p21-activated kinase 1 cascade. Dig Dis. Sci. 63 (5), 1210–1218. doi: 10.1007/s10620-018-4999-2

 Wu, N., Yang, X., Zhang, R., Li, J., Xiao, X., Hu, Y., et al. (2013). Dysbiosis signature of fecal microbiota in colorectal cancer patients. Microb. Ecol. 66 (2), 462–470. doi: 10.1007/s00248-013-0245-9

 Xing, C., Du, Y., Duan, T., Nim, K., Chu, J., Wang, H. Y., et al. (2022). Interaction between microbiota and immunity and its implication in colorectal cancer. Front. Immunol. 13. doi: 10.3389/fimmu.2022.963819

 Xu, X., Lv, J., Guo, F., Li, J., Jia, Y., Jiang, D., et al. (2020). Gut microbiome influences the efficacy of PD-1 antibody immunotherapy on MSS-type colorectal cancer via metabolic pathway. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.00814

 Yachida, S., Mizutani, S., Shiroma, H., Shiba, S., Nakajima, T., Sakamoto, T., et al. (2019). Metagenomic and metabolomic analyses reveal distinct stage-specific phenotypes of the gut microbiota in colorectal cancer. Nat. Med. 25 (6), 968–976. doi: 10.1038/s41591-019-0458-7

 Yang, Y., Han, Z., Li, X., Huang, A., Shi, J., and Gu, J. (2020a). Epidemiology and risk factors of colorectal cancer in China. Chin. J. Cancer Res. 32 (6), 729–741. doi: 10.21147/j.issn.1000-9604.2020.06.06

 Yang, Y., Li, L., Xu, C., Wang, Y., Wang, Z., Chen, M., et al. (2020b). Cross-talk between the gut microbiota and monocyte-like macrophages mediates an inflammatory response to promote colitis-associated tumourigenesis. Gut 70 (8), 1495–1506. doi: 10.1136/gutjnl-2020-320777

 Yang, J., Li, D., Yang, Z., Dai, W., Feng, X., Liu, Y., et al. (2020). Establishing high-accuracy biomarkers for colorectal cancer by comparing fecal microbiomes in patients with healthy families. Gut Microbes 11 (4), 918–929. doi: 10.1080/19490976.2020.1712986

 Yang, J., Wei, H., Zhou, Y., Szeto, C. H., Li, C., Lin, Y., et al. (2022). High-fat diet promotes colorectal tumorigenesis through modulating gut microbiota and metabolites. Gastroenterology 162 (1), 135–149.e2. doi: 10.1053/j.gastro.2021.08.041

 Yang, S., Zhao, S., Ye, Y., Jia, L., and Lou, Y. (2022). Global research trends on the links between gut microbiota and cancer immunotherapy: A bibliometric analysis (2012-2021). Front. Immunol. 13. doi: 10.3389/fimmu.2022.952546

 Yu, J., Feng, Q., Wong, S. H., Zhang, D., Liang, Q. Y., Qin, Y., et al. (2017). Metagenomic analysis of faecal microbiome as a tool towards targeted non-invasive biomarkers for colorectal cancer. Gut 66 (1), 70–78. doi: 10.1136/gutjnl-2015-309800

 Yu, T., Guo, F., Yu, Y., Sun, T., Ma, D., Han, J., et al. (2017). Fusobacterium nucleatum promotes chemoresistance to colorectal cancer by modulating autophagy. Cell 170 (3), 548–563.e16. doi: 10.1016/j.cell.2017.07.008

 Yuan, L., Zhang, S., Li, H., Yang, F., Mushtaq, N., Ullah, S., et al. (2018). The influence of gut microbiota dysbiosis to the efficacy of 5-fluorouracil treatment on colorectal cancer. BioMed. Pharmacother. 108, 184–193. doi: 10.1016/j.biopha.2018.08.165

 Zackular, J. P., Baxter, N. T., Iverson, K. D., Sadler, W. D., Petrosino, J. F., Chen, G. Y., et al. (2013). The gut microbiome modulates colon tumorigenesis. mBio 4 (6), e00692-13. doi: 10.1128/mBio.00692-13

 Zackular, J. P., Rogers, M. A., Ruffin, M. T. 4., and Schloss, P. D. (2014). The human gut microbiome as a screening tool for colorectal cancer. Cancer Prev. Res. (Phila) 7 (11), 1112–1121. doi: 10.1158/1940-6207.CAPR-14-0129

 Zeller, G., Tap, J., Voigt, A. Y., Sunagawa, S., Kultima, J. R., Costea, P. I., et al. (2014). Potential of fecal microbiota for early-stage detection of colorectal cancer. Mol. Syst. Biol. 10 (11), 766. doi: 10.15252/msb.20145645

 Zeng, M. Y., Inohara, N., and Nuñez, G. (2017). Mechanisms of inflammation-driven bacterial dysbiosis in the gut. Mucosal Immunol. 10 (1), 18–26. doi: 10.1038/mi.2016.75

 Zhang, J., Haines, C., Watson, A., Hart, A. R., Platt, M. J., Pardoll, D. M., et al. (2019). Oral antibiotic use and risk of colorectal cancer in the united kingdom, 1989-2012: a matched case-control study. Gut 68 (11), 1971–1978. doi: 10.1136/gutjnl-2019-318593

 Zhang, S. L., Mao, Y. Q., Zhang, Z. Y., Li, Z. M., Kong, C. Y., Chen, H. L., et al. (2021). Pectin supplement significantly enhanced the anti-PD-1 efficacy in tumor-bearing mice humanized with gut microbiota from patients with colorectal cancer. Theranostics 11 (9), 4155–4170. doi: 10.7150/thno.54476

 Zhang, S., Yang, Y., Weng, W., Guo, B., Cai, G., Ma, Y., et al. (2019). Fusobacterium nucleatum promotes chemoresistance to 5-fluorouracil by upregulation of BIRC3 expression in colorectal cancer. J. Exp. Clin. Cancer Res. 38 (1), 14. doi: 10.1186/s13046-018-0985-y

 Zhang, Y., Zhang, L., Zheng, S., Li, M., Xu, C., Jia, D., et al. (2022). Fusobacterium nucleatum promotes colorectal cancer cells adhesion to endothelial cells and facilitates extravasation and metastasis by inducing ALPK1/NF-κB/ICAM1 axis. Gut Microbes 14 (1), 2038852. doi: 10.1080/19490976.2022.2038852

 Zhao, Y., and Jiang, Q. (2021). Roles of the polyphenol-gut microbiota interaction in alleviating colitis and preventing colitis-associated colorectal cancer. Adv. Nutr. 12 (2), 546–565. doi: 10.1093/advances/nmaa104

 Zheng, D. W., Dong, X., Pan, P., Chen, K. W., Fan, J. X., Cheng, S. X., et al. (2019). Phage-guided modulation of the gut microbiota of mouse models of colorectal cancer augments their responses to chemotherapy. Nat. BioMed. Eng. 3 (9), 717–728. doi: 10.1038/s41551-019-0423-2

 Zyoud, S. H., Al-Jabi, S. W., Amer, R., Shakhshir, M., Shahwan, M., Jairoun, A. A., et al. (2022). Global research trends on the links between the gut microbiome and cancer: a visualization analysis. J. Transl. Med. 20 (1), 83. doi: 10.1186/s12967-022-03293-y




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Yang, Hao, Ye and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-13-1083987-g003.jpg
A

0
International Journal of Molecular Sciences- + ¢ e + o © o © @ O
P S T S T S 4 No H
Cancers [N ] S S
Frontiers in Microbiology- + + e o o © O © © © Sm ]
GutMicrobes- -+ e e o o - © © O O 8 :: i:m
£
World Journal of Gastroenterology- © © © © © e © © © o O35 3
o
Nutrients- + + + e © o . © © O Z100
Np
PloSOne- © © © © o o o © © o = 3
2
ScientificRepots- + + e + © © © © © © is 0
» w12 203 04 2005 W06 2017 2018 2019 220 202
Frontiers in Immunology- ¢ e + + <+ e © © © O H Year
# ntematonal Joumnsl of Molecular Scicnces = Cancers
Gut- - e - - 0 @ @ ¢ o O Frontiers in Microbiology = Gut Microbes
Coa s ‘ = World Journal of Gastrocnicrology = Nutrients
U I N IR G P RPN
SR R R NI o = PLoS One = Scientific Reports
FTEFT S S S S &S i A — G





OEBPS/Images/fcimb-13-1083987-g005.jpg
China- ¢ o o o o © 0 O @ @
USA- e © © © © 0 © O 0 ©
e
taly- © o o o o o o © © ©
120
Jpan- + e s+ o o e o © o © 0
Germany- ¢ o o + o o o o © ® big
France: « o o o o o o o o o

ux-..........g;:n

Canada- ¢ o o o o o s o o © O 40

°
°
°

Spain- + - e e e e

South Korea- * + * . ¢+

«-’010
r’o{;
\-"oeo
2,

C United States Department of
Health Human Services (USA)
400

Shanghai

a0 Tong University- @

NIH National Institute of Allergy Harvard University-
Infectious Discascs (USA) National Institutes of Health (USA)

N
125
100
75
50
25
00

Harvard Medical School-  +

Chinese University of Hong Kong- =+ +
NIH National Institute of General
Medical Scicnces (USA)

National Natural Science
Foundation of China (China)

o
O s
O 1
O s
Q 5o

O 25
< oo

University of North Carolina- ©
Japan Society for the Promotion OF

Science (Japan)

5% | NIH National Insitute of Allergy
Infctious Diseases (USA) Zhejiang University- © o+« -

UDICE- French Research Universities: © © © o o

Ministry of Education Culture.

Sports Science and Technology
Japan Mext (Japan)

[H National Institute of Diabetes
Digestive Kidney Discases (USA)

& & g
European Commission & B S S D

% 0 0@ 000000 @
% ©00000@000@

°
University of Calffomia System- © - © o © ©
&





OEBPS/Images/fcimb-13-1083987-g008.jpg





OEBPS/Images/fcimb.2023.1083987_cover.jpg
& frontiers | Frontiers in Cellular an

fection Microbiology

Global research on the crosstalk between
intestinal microbiome and colorectal cancer:
A visualization analysis





OEBPS/Images/fcimb-13-1083987-g006.jpg
#2013

il

KOSTIC AD, 2013, CELL HOST MICROBE, V14, P207, DOI 10.10161J.CHOM 2013.07.007
ARTHUR JC, 2012, SCIENCE, V338, P120, DOI 10.1126/SCIENCE 1224820

CASTELLARIN M, 2012, GENOME RES, V22, P299, DOI 10.101/GR 126516.111

KOSTIC AD, 2012, GENOME RES, V22, P262, DOI 10.1101/GR 126573111

RUBINSTEIN MR, 2013, CELL HOST MICROBE, V14, P195, DOI 10.1016/J.CHOM 2013.07.012
WANG TT, 2012, ISME J, V6, P320, DOI 10.10381SMEJ.2011.108

WU $G, 2009, NAT MED, V15, P1016, DOI 10.1038NM 2015

LOUIS P, 2014, NAT REV MICROBIOL, V12, P661, DOI 10.1038/NRMICRO3344

FENG Q, 2015, NAT COMMUN, V6, DOI 10.1038/NCOMMS7528

TUALSMA H, 2012, NAT REV MICROBIOL, V10, P575, DOI 10.1038/NRMICRO2819

ZELLER G, 2014, MOL SYST BIOL, V10, DOI 10,15252IMSB 20145645

'SOBHANI1, 2011, PLOS ONE, V6, DOI 10,137 11/OURNAL PONE 0016393

AHN J, 2013, INCI-J NATL CANCER |, V105, P1907, DOI 10.1093/INCIDJT300

BRAY F, 2018, CACANCER J CLIN, V68, P394, DOI 10.3322/CAAC 21492

YU J,2017, GUT, V66, P70, DOI 10.1136/GUTINL-2015-309800

YUTC, 2017, CELL, V170, P548, DOI 10.1016/.CELL 2017.07.008

SEARS CL, 2014, CELL HOST MICROBE, V15, P317, DOI 10.10161J CHOM 2014.02.007
CAPORASO JG, 2010, NAT METHODS, V7, P335, DOI 10.1038/NVETHF 303

QIN JJ, 2010, NATURE, V464, P59, DOI 10.1038INATURE08821

MARCHESI JR, 2011, PLOS ONE, V6, DOI 10.13711J0URNAL PONE. 0020447

300





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Global research on the crosstalk between intestinal microbiome and colorectal cancer: A visualization analysis

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Data sources and search methods

          



          		

            2.2 Data analysis and software applications

          



        



        



        		

          3 Results

        

          		

            3.1 Annual scientific output

          



          		

            3.2 Main journals

          



          		

            3.3 Main authors

          



          		

            3.4 Major countries/regions and institutions

          



          		

            3.5 Analysis of cited papers in IM/CRC research

          

            		

              3.5.1 Top 20 most cited articles in IM/CRC research

            



            		

              3.5.2 Top 10 most cited reviews in IM/CRC research

            



            		

              3.5.3 Top 20 most cited references in IM/CRC research

            



            		

              3.5.4 Historical cited papers in IM/CRC research

            



          



          



          		

            3.6 Analysis of high-IF papers in IM/CRC research

          



          		

            3.7 Analysis of keywords in IM/CRC research

          

            		

              3.7.1 Analysis of high-frequency keywords

            



            		

              3.7.2 Cluster analysis of high-frequency keywords

            

              		

                3.7.2.1 Cluster 1

              



              		

                3.7.2.2 Cluster 2

              



              		

                3.7.2.3 Cluster 3

              



              		

                3.7.2.4 Cluster 4

              



              		

                3.7.2.5 Cluster 5

              



            



            



            		

              3.7.3 Trend analysis of high-frequency keywords

            



          



          



        



        



        		

          4 Discussion

        

          		

            4.1 Analysis of document issuance in IM/CRC

          



          		

            4.2 Research hotspots and frontiers in IM/CRC

          

            		

              4.2.1 The effect of IM on tumorigenesis of CRC

            

              		

                4.2.1.1 Fusobacterium nucleatum (F. nucleatum)

              



              		

                4.2.1.2 Escherichia coli (E. coli))

              



              		

                4.2.1.3 Enterococcus faecalis (E. faecalis)

              



              		

                4.2.1.4 Enterotoxigenic Bacteroides fragilis

              



              		

                4.2.1.5 Butyrate-producing bacteria

              



            



            



            		

              4.2.2 The role of IM in screening of CRC

            



            		

              4.2.3 The effect of IM on treatment of CRC

            

              		

                4.2.3.1 Chemotherapy

              



              		

                4.2.3.2 Immunotherapy

              



            



            



            		

              4.2.4 The underlying mechanisms of IM involved in CRC

            



            		

              4.2.5 Regulating IM for prevention and treatment of CRC

            

              		

                4.2.5.1 Probiotics and prebiotics

              



              		

                4.2.5.2 Diet, nutrition and dietary fiber

              



              		

                4.2.5.3 Fecal microbiota transplantation

              



              		

                4.2.5.4 Provision of specific microbiota

              



              		

                4.2.5.5 Antibiotics

              



              		

                4.2.5.6 Traditional Chinese medicine

              



            



            



          



          



          		

            4.3 Limitations of the research

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/table6.jpg
10

The gut microbiota, bacterial metabolites and colorectal cancer

The gut microbiota and host health: a new clinical frontier

Bile acid-microbiota crosstalk in gastrointestinal inflammation and
carcinogenesis

Diet, microorganisms and their metabolites, and colon cancer

Impact of the Gut Microbiota on Intestinal Immunity Mediated by
Tryptophan Metabolism

A bacterial driver-passenger model for colorectal cancer: beyond the usual
SUSPCCIS

Gut microbiota imbalance and colorectal cancer

The Human Gut Microbiome - A Potential Controller of Wellness and
Disease

The Intestinal Microbiota in Colorectal Cancer

Mechanisms of inflammation-driven bacterial dysbiosis in the gut

Louis, P

Marchesi,
JR

Jia, W

O’Keefe,
SID

Gao, |

Tjalsma, H

Gagniere, ]

Kho, ZY

Tilg, H

Zeng, MY

2014

2016

2018

2016

2018

2012

2016

2018

2018

2017

Journals

Nat. Rev. Microbiol.

Gut

Nat. Rev. Gastroenterol.

Hepatol.

Nat. Rev. Gastroenterol.

Hepatol.

Front. Cell. Infect.
Microbiol.

Nat. Rev. Microbiol.

World J. Gastroenterol.

Front. Microbiol.

Cancer Cell

Mucosal Immunol.

78.297

31.793

73.082

73.082

6.073

78.297

5.374

6.064

38.585

8.701

Q1

Q1

Q1

Q1

Q2

Q1

Q2

Q1

Q1

Q1

1372

1183

551

479

477

473

385

367

320

315





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-13-1083987-g002.jpg
Annual Scientific Production

500
450
400
350
300
250
200
150
100

50

y =5.822x? - 23441x + 2E+07
R2=0.9879

422"

2012

2013

2014

2015

2016 2017 2018
Publication Years

2019

2020

2021

2022





OEBPS/Images/table2.jpg
Rank ournals rnals
1 Gut 4149 ‘World Journal of Gastroenterology 23
2 World Journal of Gastroenterology 2418 Gut 20
3 PLoS One 2131 Frontiers in Microbiology 20
4 Science 1934 PloS One 19
5 Nature Reviews Gastroenterology & Hepatology 1914 Gastroenterology 19
6 Nature Reviews Microbiology 1845 International Journal of Molecular Sciences 19
7 Nature Medicine 1836 Scientific Reports 18
8 Gastroenterology 1772 Gut Microbes 16
9 Cell 1739 Frontiers in Immunology 15
10 International Journal of Molecular Sciences 1728 Nutrients 14






OEBPS/Images/table4.jpg
Rank Countries Np Institutions Np @
1 China 527 19917 65 Shanghai Jiao Tong University 55 4450 26
2 USA 524 36168 94 Harvard University 51 5186 28
3 Italy 120 6063 38 Harvard Medical School 40 4797 26
4 Japan 91 5356 27 Chinese University of Hong Kong 38 3050 23
5 Germany 87 5026 30 University of Michigan 37 5479 27
6 France 71 5323 34 Inserm 35 3228 21
7 UK 68 5235 29 Zhejiang University 35 1707 20
8 Canada 67 6135 31 University of North Carolina 35 4352 21
9 Spain 59 3072 28 UDICE-French Research Universities 34 2040 19
10 South Korea 58 1494 24 University of California System 34 1790 18





OEBPS/Images/table3.jpg
1 Yu, Jun 29 2929 21 Chinese Univ Hong Kong China
2 Fang, Jing-Yuan 25 1607 11 Shanghai Jiao Tong Univ China
3 Sung, Joseph J. Y. 17 2074 15 Chinese Univ Hong Kong China
4 Chen, Ying-Xuan 16 1219 8 Shanghai Jiao Tong Univ China
5 Ogino, Shuji 15 1570 1 Harvard Med Sch USA
6 Chan, Andrew T. 15 2060 14 Harvard Med Sch USA
7 Wong, Sunny Hei 14 2072 12 Chinese Univ Hong Kong China
8 Sears, Cynthia L. 14 1277 12 Johns Hopkins Univ USA
9 Garrett, Wendy S. 13 3081 12 Harvard Med Sch USA
10 Yuan, Chun-Su 13 470 10 Univ Chicago USA





OEBPS/Images/fcimb-13-1083987-g004.jpg
FANG JY- -
sunG Y- .
CHENYX- -
CHANAT- - e e e & . @ -
oGm0~ e
seARs CL- e
WONG SH-

GARRETT WS- .
wanG cz-
YuAN s -
cHAN FrL- e e - e -
W WK~ .

HUTTENHOWER G- .
mmAK-

NAKATSU G- -

caoy- .

cHEN Y - - .

COKER 00~ @
FuCHS Cs - . .

Yo & @ — & — o — @ —@
@

(X3
XXX XX)
IXXRY )

201679

2012
2014





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-13-1083987-g007.jpg
-~ aaani

nere

2015

nakat g,

2013

ahnj,





OEBPS/Images/fcimb-13-1083987-g001.jpg
Number of studies identified through
SCI-EXPANDED (2004-2021) of WoSCC

(n=2092)

Identification

Number of studies excluded

1. Document Types:
Meeting Abstracts (n=122), Editorial Materials (n=35),

g Proceedings Papers (n=14), Book Chapters (n=12),
f——m—————> s =

] Corrections (n=9), News Items (n=6), Letters (n=4),
5 Early Access (n=3), Retracted Publication (n=2), Data
@ Papers (n=1)

v

Number of studies screened for el
(n=1885)
Number of studies excluded
—> 2. Publication years:
v 2004-2011 (n=160)

Number of studies included
(n=1725)

g
1]
©
&
g
&
£
a2
=}





OEBPS/Images/table1.jpg
urnals \[e} IF Countries
1 International Journal of Molecular Sciences 49 1728 19 6.208 Q1 Switzerland
2 Cancers 44 584 13 6.575 Q1 Switzerland
3 Frontiers in Microbiology 40 1679 20 6.064 Q1 Switzerland
4 Gut Microbes 36 1101 16 9.434 Q1 USA
5 ‘World Journal of Gastroenterology 33 2418 23 5374 Q2 USA
6 Nutrients 32 923 14 6.706 Q1 Switzerland
7 PLoS One 31 2131 19 3752 Q2 USA
8 Scientific Reports 27 863 18 4.996 Q2 UK
9 Frontiers in Immunology 25 1050 15 8.786 Q1 Switzerland
10 ‘ Gut 23 4149 20 31.793 Q1 UK






OEBPS/Images/table5.jpg
Year Journals

1 Intestinal Inflammation Targets Cancer-Inducing Activity of the Microbiota Arthur, JC 2012 Science 63.714 Q1 1280

N Fusobacterium nucl'eamm .Potenua(es Intestinal Tumorigenesis and Modulates the Kostic, AD 2013 Ce.]l Host 3316 Q 1233
Tumor-Immune Microenvironment Microbe

3 Activation of Gpr.l()%, Receptf)r for Niacin.and the .Commensal Metabolite Butyrate, Singh, N 2014 Immunity 13474 Q1 1126
Suppresses Colonic Inflammation and Carcinogenesis

: . - B . Castellarin,

4 Fusobacterium nucleatum infection is prevalent in human colorectal carcinoma M 2012 Genome Res. 9.438 Ql 1074

5 Fusobac(.erium nucleatum Promotes Chemoresistance to Colorectal Cancer by Yu, TC 26517 Cell 66.850 Q1 783
Modulating Autophagy

" Structural segregation of gut microbiota between colorectal cancer patients and Wang, TT 2012 ISMET. n27 | Q| 72
healthy volunteers

7 Gut microbiome development along the colorectal adenoma-carcinoma sequence Feng, Q 2015 Nat. Commun. 17.694 | Q1 603

8 Potential of fecal microbiota for early-stage detection of colorectal cancer Zeller, G 2014 Mol. Syst. Biol. 13.068 | Q1 543

CI-J. Natl.
9 Human Gut Microbiome and Risk for Colorectal Cancer Ahn, ] 2013 | INCE) Na 11.816 QI | 532
Cancer Inst.

10 Metagenomic analysis of faecal microbiome as a tool towards targeted non-invasive Yo 2017 | cut 31793 Ql 460
biomarkers for colorectal cancer

i Two FOXP3(+)CD4(+) T cell subpopulations distinctly control the prognosis of Saito, T 2016 | Nat. Med. 87241 Q 446
colorectal cancers

12 Patienfs w?th famil?al adenomatous polyposis harbor colonic biofilms containing Dejea, CM 2018 | sessiice 6714 | Q| 435
tumorigenic bacteria

13 Fusobacterium nucleatum in colorectal carcinoma tissue and patient prognosis Mima, K 2016 Gut 31.793 Q1 420

14 The Gut Microbiome Modulates Colon Tumorigenesis Zackular, JP 2013 mBio 7.786 Q1 412

15 Human Intestinal Lumen and Mucosa-Associated Microbiota in Patients with Chen, WG 2012 | PLoS One 3752 @ 308
Colorectal Cancer

1% Stool Microbiome and Metabolome Differences between Colorectal Cancer Patients Weir, TL 2013 | Prosione 3753 @ 389
and Healthy Adults

|, | NOD2-mediated dysbiosis predisposes mice to transmissible colitis and colorectal Couturier- 515 | 7 i inwet, | G045 | &F | 360
cancer Maillard, A

18 ‘Wild Mouse Gut Microbiota Promotes Host Fitness and Improves Disease Resistance Rosshart, SP 2017 Cell 66.850 Q1 357

t Metageno‘mlc a‘nd rf]etalmlom:c analyses reveal distinct stage-specific phenotypes of Yachida, § 2019 | Nat Med. o Q 346
the gut microbiota in colorectal cancer

20 ‘Tumour-associated and non-tumour-associated microbiota in colorectal cancer Flemer, B 2017 Gut 31.793 Q1 340





