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Background: Dysbiosis/imbalance in the gut microbial composition triggers chronic inflammation and promotes colorectal cancer (CRC). Modulation of the gut microbiome by the administration of probiotics is a promising strategy to reduce carcinogenic inflammation. However, the mechanism remains unclear.

Methods: In this study, we presented a systematic network, meta-analysis, and molecular docking studies to determine the plausible mechanism of probiotic intervention in diminishing CRC-causing inflammations.

Results: We selected 77 clinical, preclinical, in vitro, and in vivo articles (PRISMA guidelines) and identified 36 probiotics and 135 training genes connected to patients with CRC with probiotic application. The meta-analysis rationalizes the application of probiotics in the prevention and treatment of CRC. An association network is generated with 540 nodes and 1,423 edges. MCODE cluster analysis identifies 43 densely interconnected modules from the network. Gene ontology (GO) and pathway enrichment analysis of the top scoring and functionally significant modules reveal stress-induced metabolic pathways (JNK, MAPK), immunomodulatory pathways, intrinsic apoptotic pathways, and autophagy as contributors for CRC where probiotics could offer major benefits. Based on the enrichment analyses, 23 CRC-associated proteins and 7 probiotic-derived bacteriocins were selected for molecular docking studies. Results indicate that the key CRC-associated proteins (e.g., COX-2, CASP9, PI3K, and IL18R) significantly interact with the probiotic-derived bacteriocins (e.g., plantaricin JLA-9, lactococcin A, and lactococcin mmfii). Finally, a model for probiotic intervention to reduce CRC-associated inflammation has been proposed.

Conclusion: Probiotics and/or probiotic-derived bacteriocins could directly interact with CRC-promoting COX2. They could modulate inflammatory NLRP3 and NFkB pathways to reduce CRC-associated inflammation. Probiotics could also activate autophagy and apoptosis by regulating PI3K/AKT and caspase pathways in CRC. In summary, the potential mechanisms of probiotic-mediated CRC prevention include multiple signaling cascades, yet pathways related to metabolism and immunity are the crucial ones.
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GRAPHICAL ABSTRACT. Probiotic intervention to mitigate colorectal cancer.


INTRODUCTION

Colorectal cancer (CRC) has emerged as the most common malignancy of the gastrointestinal (GI) tract (Rawla et al., 2019). The disease is diagnosed at a rate of about 10% annually and ranks second as the major cancer-causing death worldwide (Dekker et al., 2019; Sung et al., 2021). According to the World Health Organization (WHO), a significantly increased death rate with about 75 million people affected by CRC would be detected by 2030 (Kuipers et al., 2015). Such a threatening epidemiology of CRC strongly suggests an urgent investigation into the novel strategy for CRC prevention and treatment.

The interplay of genetic and environmental risk factors (lifestyle and food habits) fosters CRC (Yang et al., 2019). Hereditary factors are responsible for around 10–20% of all patients with CRC, suggesting the sporadic nature of the disease (Chen et al., 2018). Recent reports indicate that specific gut bacteria, or imbalances in gut bacterial populations (dysbiosis), could contribute to the development of CRC (Saus et al., 2019). The commensal intestinal microflora enriches host immunity metabolism and serves as a protective barrier against pathogens (Jandhyala et al., 2015). The gut microorganisms release beneficial metabolites such as short-chain fatty acids (SCFAs) and bacteriocins with numerous health-promoting properties. The SCFAs are the preferred energy source of colonocytes and maintain immune homeostasis, whereas bacteriocins are antimicrobial peptides that prevent the growth of inflammation-associated pathogenic bacteria (Louis et al., 2014; O'keefe, 2016; Khan et al., 2020). However, an unhealthy diet, broad-spectrum antibiotics, and lifestyle behaviors (less exercise, smoking, consumption of alcohol, and progressive aging of the population) often cause dysbiosis and damage the protective gut barrier. This allows the pathogens and their carcinogenic metabolites to enter and activate the host immune system, commencing continuous inflammatory processes that lead to the development of CRC (Conlon and Bird, 2014; Wong and Yu, 2019). A plethora of clinical studies report on the imbalanced gut microbiota of patients with CRC compared to the normal ones (Cruz et al., 2020).

Interestingly, the consumption of beneficial bacteria or probiotics with food supplements can reconstitute the disrupted equilibrium of the gut microbiota (George Kerry et al., 2018). Clinically, it is also suggested that probiotic formulations are useful in attenuating CRC risk and postoperative complications in patients with CRC (Kahouli et al., 2013; Shokryazdan et al., 2014). Although probiotics are reported to downregulate CRC-causing chronic inflammatory and carcinogenic activities in the colon with a decreased recurrence of treatment toxicity, the detailed mechanism is obscure.

Computational models and network-based methodologies can generate association networks using data from the published literature and databases to find new information from complex biological interactions. In this way, one can recognize the hidden link, visualize the global picture of the relevant biological interactions, and identify the major target molecules involved in such interactions. Furthermore, molecular docking studies can assist in the estimation of the ligand-target associations at the molecular level (Pinzi and Rastelli, 2019).

In this study, we identified 36 probiotic bacteria and 135 training genes by analyzing 77 clinical, preclinical, in vitro, and in vivo reports on anti-CRC probiotic treatment using a data-mining approach. The meta-analysis study rationalizes the use of probiotics in the prevention and reduction of postoperative infections in patients with CRC. An association network with 540 nodes and 1,423 edges on probiotics CRC-related candidate genes is generated by the text-mining approach. MCODE derives 43 closely interconnected modules from the network. Functional annotation, GO, and pathway enrichment analysis of the 6 highest scoring modules reveal that stress-induced metabolic pathways (JNK and MAPK), immunomodulatory pathways, intrinsic apoptotic pathway, and autophagy are the principal domains where probiotic intervention could be significantly effective for CRC pathogenesis. Further molecular docking studies decipher the interactions between the key target proteins of CRC and probiotic-derived bacteriocins and reaffirm our network analysis. Strikingly, bacteriocins, namely, plantaricin JLA-9, plantaricin W, lactococcin A, and lactococcin mmfii, show the highest binding affinity with the crucial CRC promoting protein COX-2, initiator caspase CASP9 of the apoptosis pathway, stress-induced metabolic pathway mediator PI3K, and immunomodulatory IL18R. Finally, based on our analysis, we propose a mechanistic model for the probiotic-mediated reduction of carcinogenic gut inflammation. Thus, the study provides a comprehensive mechanistic insight into the role of probiotics to combat CRC and endorses the rationale for probiotic application as an alternative treatment and preventive strategy for the disease.



MATERIALS AND METHODS

A meta-analysis and a systematic network were considered to assess the bioprotective mechanism of probiotics against CRC. Published data were analyzed through data- and text-mining–based approaches. The data-mining strategy was used for automatic detection of disease patterns from structured databases and finding out the functional genes that were comparatively unexplored. However, for more efficient screening, text-mining was further used. This novel information retrieval resource simultaneously constructs the interaction network from unstructured biomedical texts. Since the sole use of text-mining strategy might introduce biases toward dynamically studied disease phenotypes, a unique combination of data- and text-mining techniques was implemented to include the less explored studies. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guideline was followed for the literature survey of this study (Figure 1). Supplementary Figure 1 summarizes the entire methodology.
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FIGURE 1. The search and selection process for the systematic review. The PRISMA diagram represents the method for literature search and selection.



Meta-Analysis Establishes the Rationale for Probiotic Intervention as an Alternative Strategy for the Prevention and Alleviation of CRC-Related Inflammation

The meta-analysis study rationalized the therapeutic contribution of probiotics in the alleviation of colorectal carcinogenesis (Figure 2). In the study, clinical trials on probiotic application in patients with CRC were analyzed from the literature. The forest plot represented the heterogeneity in pooled estimates of the individual study outcomes. Begg's funnel plot was implemented to evaluate the publication bias. The detailed method of the meta-analysis study is described in the Supplementary Material.
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FIGURE 2. Meta-analysis study justifies the efficacy of the probiotic intervention in the treatment and prevention of CRC-promoting gut inflammation. The Forest plot shows 95% confidence intervals and pooled mean difference to evaluate the result of placebo controls vs. probiotics-based treatment (after heterogeneity adjustment) on patients with CRC (A). The Funnel plot of the effect size plotted with the standard error examines publication bias to show the effect of probiotics on CRC in various clinical trials (B). The pooled effect size is represented by the perpendicular line to the x-axis. Positive or negative bias is represented by the studies outside the triangle. Thus, the substantial asymmetry in the funnel plot signifies the absence of publication bias.




Data Sources and Search Strategy Using the Data-Mining Approach

The data-mining evaluated the studies conducted on colorectal carcinogenesis associated with gut inflammation and the administration of specific probiotic strains to ameliorate the disease severity. Data-mining or manual analysis was performed on the published articles listed in the PubMed archive (http://www.ncbi.nlm.nih.gov/pubmed/) using EndNote X7 (Bld 7072) (endnote.com), a reference management software. More details of the search process and keywords are described in the Supplementary Materials. The training genes, which have already been established to be associated with CRC-causing gut inflammation and probiotic strains, were selected for the text-mining study.



Selection of the Genes and Network Construction Using the Text-Mining Approach

To reaffirm that the training genes were involved in the probiotics-mediated alleviation of carcinogenic gut inflammation, the text-mining approach was carried out using Cytoscape 3.7.1 App and Agilent Literature Search 3.1.1 beta (LitSearch version 2.69). This could retrieve the functionally related genes from the existing literature in PubMed and construct the network as described in the Supplementary Material.



Data Extraction Using Molecular Complex Detection Analysis

The Molecular Complex Detection (MCODE) plug-in of Cytoscape was applied to identify firmly associated nodes from a very closely connected network, which helped in recognizing biological modules (Bader and Hogue, 2003). The method is provided in the Supplementary Material. MCODE modules with a score >4 and nodes ≥4 were considered for further functional annotation analysis.



Quantitative Data Synthesis Using NetworkAnalyzer

NetworkAnalyzer tool in Cytoscape procured details of the topology parameter for the association network and MCODE modules according to the procedure in the Supplementary Material. Next, we used GeneCards (version 4.14) to determine gene-centric data of the annotated and predicted human genes, which provided the pathways and functions related to the candidate genes.



Assessment of Gene Ontology Overrepresentation: The Biological Networks Gene Ontology (BiNGO) Analysis

Gene ontology functional enrichment analysis was used to identify enriched biological processes associated with colorectal carcinogenesis-associated gut inflammation using BiNGO (version 3.0.3) in Cytoscape 2.8.0 (http://www.cytoscape.org/) using the method depicted in the Supplementary Material.



Identification of Significant Candidate Gene-Associated Enriched Pathways Involved With CRC-Associated Inflammation

The pathways contributing to gut inflammation leading to CRC development were determined using the Java Enrichment of Pathways Extended to Topology (JEPETTO) tool, a Cytoscape 3.x plug-in as described in the Supplementary Materials.



Molecular Docking Analysis

Molecular docking was carried out to determine the direct interaction of selected probiotic secretory molecules (bacteriocins) with key CRC-associated proteins. The molecular docking method we applied in this study was used to replicate a few protein-ligand binding affinity scores of the previously published computational studies to get confidence in the method (Anwar et al., 2020; Sentürk et al., 2020). The 3D structures of the ligands (probiotic-derived bacteriocins) in “.sdf” format were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/). The structural optimization of the ligands was done by energy minimization using Open Babel (version V3.3.1) and the MM2 force field. CRC-associated key protein structures were obtained in “.pdb” format from the Protein Data Bank (PDB, https://www.rcsb.org/). Molecular docking studies were performed in AutoDock Vina (version V1.1.2). The unique features of AutoDock Vina (version V1.1.2) only accept PDBQT format [Partial Charge (Q) & Atom Type (T)] as input for docking. The MGL tool (version V1.5.4) in AutoDock Vina was used to convert the structures from PDB to PDBQT. The entire target protein was considered the search space in the simulation of ligand binding to the protein. The final mean affinity score for each binding process was obtained by repeating the simulation of each ligand 100 times. After that, the best affinity score for protein–ligand interaction of each ligand was selected to visualize the site of binding of the ligands with the proteins in the PyMOL (https://pymol.org/).




RESULTS


Meta-Analysis Established the Efficacy of Probiotic Application to Attenuate CRC-Associated Gut Inflammation

In all the clinical trials, the severity and duration of CRC-causing inflammation were compared between individual placebo-controlled groups and probiotic or synbiotic treatment to show the probiotic effects in reducing the carcinogenic inflammation (Table 1) (Ishikawa et al., 2005; Delia et al., 2007; Osterlund et al., 2007; Rafter et al., 2007; Roller et al., 2007; Hatakka et al., 2008; Odamaki et al., 2012; Zhang et al., 2012; Kotzampassi et al., 2015; Liu and Huang, 2015; Scartoni et al., 2015; Flesch et al., 2017; Bajramagic et al., 2019; Polakowski et al., 2019; Zaharuddin et al., 2019). According to the forest plot, calculated I2 value was 71% and Q (chi2) statistics was 48.13 (p < 0.0001) (Figure 2A). As indicated by the I2 value, the observed statistical heterogeneity could be due to diverse intervention periods of the probiotics, patient's age and sex, and variation in the disease conditions in clinical trials. The overall effect size (Z) of the analysis was 6.53, with p < 0.00001. The confidence level (95% CI), weight percentage, and effect size (ES) of individual clinical trials were also shown. Thus, in our meta-analysis study, the forest plot statistically signified the effects of probiotic treatment on gut inflammation that triggers CRC. The funnel plot of the meta-analysis study (Figure 2B) indicated the minimal publication bias in all the selected randomized, double-blind, placebo-controlled human clinical trials on probiotic treatment for patients with CRC. The funnel plot with probiotic application on patients with CRC was symmetrical, demonstrating the least asymmetry in the analysis.


Table 1. Probiotics or probiotic formulations, applied in prevention and treatment of colorectal cancer (CRC) in human clinical trials.
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Identification of Probiotic Bacteria and the Respective Training Genes Associated With Oncogenic Gut Inflammation

The results of the literature search were summarized by the PRISMA diagram (Figure 1). The efficient exploratory technique like data-mining found 402 (after the removal of duplicate records) articles with clinical, preclinical, in vitro, and in vivo data associated with CRC-promoting gut inflammation and probiotic treatment (Femia et al., 2002; Lan et al., 2007; Roller et al., 2007; Mahkonen et al., 2008; Chen et al., 2012; Daniluk et al., 2012; Dong et al., 2012; Talero et al., 2015; An and Ha, 2016; Irecta-Nájera et al., 2017; Madempudi and Kalle, 2017; Sharifi et al., 2017; Deol et al., 2018; Kaeid Sharaf and Shukla, 2018; Oh et al., 2018, 2020; Walia et al., 2018; Agah et al., 2019; An et al., 2019; Huang et al., 2019; Karimi Ardestani et al., 2019; Cruz et al., 2020; Parisa et al., 2020; Ewaschuk et al., 2006; Ko et al., 2007; Chen et al., 2009, 2015, 2017, 2020; Baldwin* et al., 2010; Bertkova et al., 2010; Ma et al., 2010; Borowicki et al., 2011; Foo et al., 2011; Bassaganya-Riera et al., 2012; Liu et al., 2013; Walia et al., 2015; Cousin et al., 2016; Del Carmen et al., 2016; Do et al., 2016; Gamallat et al., 2016; Konishi et al., 2016; Kuugbee et al., 2016; Tiptiri-Kourpeti et al., 2016; Chung et al., 2017, 2019; Djaldetti and Bessler, 2017; Mi et al., 2017; Chondrou et al., 2018; Golkhalkhali et al., 2018; Mendes et al., 2018; Norouzi et al., 2018; Song et al., 2018; Fahmy et al., 2019; Hadad et al., 2019; Heydari et al., 2019; Rong et al., 2019; Saito et al., 2019; Dong et al., 2020; Kim et al., 2020; Lee et al., 2020; Yue et al., 2020). The use of particular MeSH terms in EndNote X7 excluded all non-specific search results, ensuring the accuracy of the mining study. Our analysis shortlisted around 36 probiotic bacteria that have been shown to reduce gut inflammation and 135 training genes of interest involved in carcinogenic gut inflammation (Table 2). These genes were used for further investigation and network studies.


Table 2. Identified probiotic strains and the corresponding training gene sets associated with CRC-triggering gut inflammation.
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Generation of Candidate Gene-Association Network of Probiotic–Inflammation–CRC Axis

Agilent Literature Search 3.1.1 beta (LitSearch version 2.69 plug-in of Cytoscape 3.7.1) included all the 135 training genes for text-mining–based association network development. The generated association network included the candidate genes from unstructured texts related to inflammation that causes CRC oncogenesis. The primary association network showed 504 nodes and 1,423 edges using training genes as query terms in Cytoscape. Supplementary Figure 2 depicts the association network topology with the training genes (highlighted) related to CRC-promoting gut inflammation. The details of the network parameter statistics are described in the supplementary file (Supplementary Table 1). Such a system biology approach of network analysis using Cytoscape has been conducted to elucidate the pathways of coronary atherosclerosis and in-stent restenosis in humans (Ashley et al., 2006). In addition, the text-mining approach employing Agilent Literature Search with Cytoscape has been adopted by various research groups to show actin dynamics during the post-ejaculatory life of spermatozoa (Bernabo et al., 2016), to understand synergistic mechanisms of therapeutic herbs in the treatment of rheumatic arthritis (Xu et al., 2018), and to investigate the consequences of psychological stress on metabolism and innate immunity in humans (Priyadarshini and Aich, 2012).



Network Analysis Identified the Promising Gene Clusters Related to Probiotics and CRC Prevention

The MCODE provided functionally significant modules with densely connected nodes in the probiotic–CRC axis. Supplementary Figure 3 shows the topologies of MCODE-derived modules. A total of 43 modules from the first association network were derived by MCODE analysis. The individual cluster scores determined their further selection for functional studies. The MCODE cluster details are depicted in Supplementary Table 2. Among all 43 derived modules, 6 clusters with MCODE score ≥ 4, nodes ≥ 7, edges ≥ 12 and their respective local network topology were chosen for functional annotation using the GeneCards database (version 4.14) and GO enrichment analysis. Module 1 was the highest-scoring module with an MCODE score of 11.2 with 21 nodes and 112 edges, module 2 was the second highest with an MCODE score of 8.894 with 48 nodes and 209 edges, and module 3 was the third highest with a score of 7 with 7 nodes and 21 edges. According to network parameters, the highest-scoring module 1 (MCODE score 11.2) consisted of 21 nodes (mapk14, jun, stat3, mapk8, mapk9, mapk3, myc, ets2, rin1, akt1, atg5, atg7, atg12, atg3, banf1, atg16l1, atg4c, atic, aprt, acaca, and prkaa1). This was selected as the most significant cluster for CRC-associated inflammation with higher network matrices like closeness centrality, clustering coefficient, and node degree (Figure 3A). Several research groups adopted the MCODE algorithm for module identification by clustering genes of molecular networks (Kim and Kim, 2018; Xu et al., 2018).
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FIGURE 3. Network topologies of the significant MCODE clusters. MCODE-derived cluster 1: score 11.2, nodes 21 (mapk14, jun, stat3, mapk8, mapk9, mapk3, myc, ets2, rin1, akt1, atg5, atg7, atg12, atg3, banf1, atg16l1, atg4c, atic, aprt, acaca, and prkaa1), and edges 112 (A). MCODE-derived cluster 2: score 8.894, nodes 48 (gli2, myd88, wdtc1, tlr4, ang, nos2, agtr1, mlkl, fadd, sqstm1, ripk3, becn1, mfn2, bcl2l1, loc728519, alpi, diablo, birc2, xiap, bcl2, bax, mmp2, mmp9, col1a1, col1a2, ogn, prelp, mmp1, mmp3, mmp12, frap1, pik3ca, ifi27, hspg2, soat1, bbc3, tp53, cdkn1a, mdm2, pmaip1, ddit3, runx1, atf4, pp1r15a, slc12a3, rictor, id2, and tsc2), and edges 209 (B). MCODE-derived cluster 3: score 7, nodes 7 (atp5b, pdk4, atp8a2, cycs, acadm, 1.2.2.2, and 3.6.3.14), and edges 21 (C). MCODE-derived cluster 4: score 5, nodes 5 (smad7, pten, dgcr5, mirn21, and mirn23a), and edges 10 (D). MCODE-derived cluster 7: score 4.48, nodes 26 (il1b, il6, tnf, il10, ifng, atn1, nod2, nod1, clec7a, clec4e, stat5a, parp1, mcl1, ervk2, erbb2, erbb3, egfr, hdac1, ephb2, ros1, sod1, ppa1, dynamin, igfals, tardbp, and cmp1), and edges 56 (E). MCODE-derived cluster 8: score 4, nodes 7 (ccr1, ccr5, atgr2, il8, csf2, cxcl1, and ccl5), and edges 12 (F).




Annotation Profile of the Subclusters Signified a Functional Contribution of Probiotics in the Prevention of Chronic Inflammation Related to CRC

The MCODE analysis identified clusters based on the dense connectivity of nodes among all other closely associated genes in the network (Supplementary Material). The functions of the corresponding nodes or genes of interest and their respective pathways were elucidated by the GeneCards derived functional patterns of the highest-scoring MCODE clusters.

According to MCODE cluster 1 (Figure 3A), the candidate genes were involved in stress-mediated metabolic processes, autophagy, and the induction of apoptosis. Cluster 2 (Figure 3B) candidate genes were involved in response to external stimulus, apoptotic mitochondrial changes, release of cytochrome c, cell proliferation, endoplasmic reticulum stress, regulation of mitochondrial membrane potential and permeability, regulation of il17 and il23 production, and NF-KB signaling pathway. Probiotic implementation could play an immense role in regulating apoptosis, stress-induced metabolic pathways, and inflammatory processes. Cluster 3 (Figure 3C) candidate genes were involved in nitrogen biosynthetic, ATP biosynthetic, and metabolic processes. Furthermore, cluster 4 (Figure 3D) candidate genes were involved in the regulation of cell migration and epithelial to mesenchymal transition. Probiotics are reported to modulate host cellular metabolic processes by producing SCFAs and small proteinaceous molecules. Cluster 7 (Figure 3E) candidate genes were associated with cellular response to the bacterium or organic substances, immunomodulatory processes and adaptive immunity, regulation of cytokine and chemokine production, and intracellular protein kinase cascades (JNK, MAPKKK, ERK1, and ERK2). Finally, cluster 8 (Figure 3F) candidate genes were associated with immune response and chemotaxis, inflammatory processes, and cellular metal ion homeostasis.

Probiotics were reported to mediate immunomodulatory activities and were well known for maintaining cellular homeostasis. The functional analysis of the MCODE-derived modules revealed a probable carcinogenic mechanism that activates the inflammatory events leading to CRC development. Thus, the published scientific evidence supported the interconnection of functional profiles of the MCODE clusters in the oncogenic inflammatory processes of CRC, which enlightened us on the unexplored yet promising functional avenues of these genes (see the “Discussion” section).



GO Enrichment Analysis Assessed the Overrepresentation of GO Categories

In the BiNGO enrichment analysis, the overrepresented or enriched GO terms linked with the candidate genes of MCODE clusters were selected based on the p-values (Supplementary Table 3). Our study indicated that cluster 1 (Figure 3A) candidate genes were involved in the pathways related to the cellular response to stress, autophagic vacuole assembly, induction of apoptosis, positive regulation of stress-activated protein kinase cascades (JNK and MAPKKK), and metabolic processes. Therefore, these carcinogenic inflammation-associated physiological events could be targeted by the probiotic implementation for CRC prevention. Cluster 2 (Figure 3B) candidate genes were involved in the cellular response to an external stimulus, apoptotic mitochondrial changes, release of cytochrome c, regulation of cell proliferation, positive regulation of hydrolase and peptidase activity, activation of caspases, response to oxygen levels, endoplasmic reticulum stress, collagen metabolic processes, regulation of il17 and il23 production and NF-KB signaling pathway, and positive regulation of phospholipase A2 and phospholipase C activity. Probiotic supplementation could play an immense role in the regulation of TLR4-mediated immune responses, apoptosis, stress-induced metabolic pathways, and inflammatory processes. Cluster 3 (Figure 3C) candidate genes were involved in cellular nitrogen biosynthetic process, ATP biosynthetic and metabolic process, purine ribonucleoside triphosphate biosynthetic process, and fatty acid metabolic processes. Additionally, cluster 4 (Figure 3D) candidate genes were involved in the regulation of cell–cell adhesion, cell–matrix adhesion, epithelial to mesenchymal transition, cell migration, cellular protein localization, and modification. Probiotics are reported to modulate host cellular metabolic processes by producing SCFAs and small proteinaceous molecules. Cluster 7 (Figure 3E) candidate genes were involved in the cell immunomodulatory processes, namely, lymphocyte and leukocyte proliferation, migration and adaptive immunity, regulation of cytokine and chemokine production, cellular response to the bacterium or organic substances, intracellular protein kinase cascades (JNK, MAPKKK, ERK1, and ERK2), regulation of nitric oxide biosynthetic processes, and monooxygenase and oxidoreductase activities. Finally, cluster 8 (Figure 3F) candidate genes were associated with immune response and chemotaxis, cellular metal ion homeostasis, cellular receptor signaling pathways (G-protein jak-stat), and inflammatory processes.

Probiotics and their secretory antimicrobial proteins (AMPs) are well known for their immunomodulatory activities and ability to maintain cellular homeostasis. Thus, the major biological processes that initiate carcinogenic inflammation in gut-epithelium cells were identified by the GO enrichment analysis. These events, therefore, could be the significant cellular domains for the mechanisms involved in the probiotic-mediated CRC prevention.



Identification of Significantly Enriched Pathways Associated With Probiotics–Inflammation–CRC Axis

Pathway enrichment analyses with 540 candidate genes from the association network were performed using JEPETTO, and 32 significant pathways were obtained (Supplementary Table 4). The XD-score signified a deviation (positive or negative) of all pathways from the average distance. The implication of overlap (Fisher's exact test) between input information and pathways was determined by the q-value. The number of overlapping proteins was shown by the overlap/size and compared with the size of the pathway. The threshold value of XD-score was 0.6, and the XD-score and q-value indicated the highest XD-score to be 2.33020, as analyzed by the enrichment algorithm. There are 13 cancer pathways (bladder cancer, colorectal cancer, pancreatic cancer, chronic myeloid leukemia, prostate cancer, glioma, endometrial cancer, melanoma, non-small-cell lung cancer, small-cell lung cancer, acute myeloid leukemia, thyroid cancer, and pathways in cancer), 4 infectious disease pathways (leishmaniasis, malaria, Chagas' disease, and shigellosis), 1 neurodegenerative disease [amyotrophic lateral sclerosis (ALS)], 2 developmental pathway (dorso–ventral axis formation and neurotrophin signaling pathway), and 13 signaling pathways including 6 immunomodulatory pathways (NOD-like receptor signaling pathway, toll-like receptor signaling pathway, RIG-I-like receptor signaling pathway, T-cell receptor signaling pathway, Fc epsilon RI signaling pathway, and B-cell receptor signaling pathway), 3 cell growth or death pathways (regulation of autophagy, apoptosis, and p53 signaling pathway), and 3 signal transduction pathways (ErbB signaling pathway, VEGF signaling pathway, and epithelial cell signaling in Helicobacter pylori infection) were obtained.



Molecular Docking Studies Reaffirm the Significant Interactions Between the Key CRC-Causing Inflammatory Proteins With Probiotic-Derived Bacteriocins

Molecular docking is a useful method to simulate intermolecular combinational patterns between the ligands and target proteins to predict possible docking modes and binding affinities. Using in silico and in vitro binding studies, the interaction of probiotic-derived SCFAs with histone deacetylase (HDAC) has already been established. It is worth mentioning here that the dysregulation of HDAC is associated with several inflammatory conditions (Ho et al., 2017). Such reports encourage us to further study the interaction between bacteriocins and CRC-related proteins.

According to the functional annotation and pathway enrichment analysis of the MCODE clusters, 23 target proteins (candidate genes of cluster 1, cluster 2, cluster 7, and cluster 8) were selected as receptors and 7 bacteriocins derived from different Lactobacillus spp. (Holo et al., 1991, 2001; Aymerich et al., 2000; Ferchichi et al., 2001; Yannai, 2012; Yang et al., 2014; Zhao et al., 2016; Anwar et al., 2020) as ligands for docking studies (Supplementary Table 5). All the target proteins were significantly involved in CRC-causing gut inflammation. The lower binding energies of the individual protein–ligand interactions signified a stable binding and greater affinity of the ligand for the respective target proteins (Supplementary Table 6). It was fascinating to observe that, among all, the 12 target proteins (COX-2, PI3K, Caspase 9, IL18R, AKT, TLR4, IKB-A, P38 alpha, mTOR, Caspase 3, Cytochrome C, and ATG4), which were associated with the enriched pathways of the network analysis, showed the most notable binding affinities with studied bacteriocins (Supplementary Figure 4).

The highest binding affinity (binding energy ≤ −8.3 Kcal/mol) was observed for the interaction between COX-2 and all the 7 bacteriocins (plantaricin JLA-9, plantaricin W, lactococcin A, lactococcin mmfii, bacteriocin 28b, plantaricin D, and plantaricin BN). This result is particularly encouraging since COX-2 is a crucial inflammatory molecule that has been found to be significantly upregulated in CRC (Gupta and Dubois, 2001). According to our docking analysis, plantaricin JLA-9 interacted with the active site of COX-2 (−11 Kcal/mol) with 13 hydrogen-bonds at positions, namely, ASN34, ASN39, CYS41, CYS47, TYR130, GLY135, LYS137, PRO154, ALA156, ASP158, GLY324, GLN327, GLN461, and 7 hydrophobic interactions in the positions, namely, TYR136, LYS137, LEU152, PRO154, ASP157, TRP323, and GLU326 (Figure 4A). COX-2 active site residues GLY135 and PRO154 formed hydrogen bonds and PRO153 and PRO154 interacted with hydrophobic bonds with lactococcin A (−9.6 Kcal/mol) (Figure 4B). Therefore, indeed, probiotic-derived bacteriocins could play a significant role in reducing CRC severity (Table 3).
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FIGURE 4. Interaction of CRC-associated proteins and probiotic-derived bacteriocins. COX-2 with Plantaricin JLA-9 (A). COX-2 with lactococcin A (B). CASP9 with Lactococcin mmfii (C). CASP9 with Plantaricin JLA-9 (D). PI3K with Lactococcin mmfii (E). PI3K with Plantaricin W (F). IL18R with Plantaricin JLA-9 (G). IL18R with Lactococcin mmfii (H).



Table 3. Interaction of bacteriocins with COX-2, CASP9, PI3K, and IL18R by molecular docking.
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Our docking study also indicated that probiotic-derived molecules could have a remarkable strong association with stress-induced kinase PI3K, AKT, P38 alpha, and immunomodulatory IL18R, which contribute to the upregulation of COX-2. Lactococcin mmfii interacted with the initiator Caspase 9 (−9.2 Kcal/mol) with 11 hydrogen bonds and 5 hydrophobic interactions (Figure 4C). Plantaricin JLA-9 also interacted with Caspase 9 (−8.8 Kcal/mol) (Figure 4D; Table 3) with 11 hydrogen bonds and 2 hydrophobic interactions. The docking complex of lactococcin mmfii and PI3K was also found to be substantially strong (−9 Kcal/mol), with 11 amino acids participating in the hydrogen bond formation and 6 residues involved in hydrophobic bond formation (Figure 4E). Plantaricin W interacted with PI3K (−8.5 Kcal/mol) with 16 hydrogen bonds and 9 hydrophobic bonds. The complex was further stabilized by salt bridge interaction with acidic amino acid ASP717 in the active site of PI3K (Figure 4F; Table 3). Furthermore, the immunomodulatory molecule IL18R has been found to interact with plantaricin JLA-9 (−8.4 Kcal/mol) by 8 hydrogen bonds and 5 hydrophobic interactions. The formation of salt bridge interaction with the basic amino acid ARG147 and pi-Stacking interaction with TYR145 increased the stability of the complex (Figure 4G). Lactococcin mmfii also interacted with IL18R (−8.3 Kcal/mol) by forming 10 hydrogen bonds and 7 hydrophobic interactions. The pi-Stacking with TYR145 in the active site of IL18R also escalated the interaction (Figure 4H; Table 3). Therefore, the stable interaction of the bacteriocins with initiator Caspase 9, Caspase 3, Cytochrome C, TLR4, IKB-A, mTOR, and ATG4 could strengthen the role of probiotics in cell survival and antimicrobial pathways (Supplementary Table 7).




DISCUSSION

The application of probiotics has been recognized as a promising strategy for CRC prevention and treatment. However, decoding the associated molecular mechanisms has been a challenge. To the best of our knowledge, this is the first study that integrates meta-analysis, systematic network, and molecular docking studies to examine the efficacy and mechanisms of probiotic intervention in CRC-associated inflammation in the gut. The meta-analysis rationalizes the use of probiotics in the prevention and treatment of CRC-causing gut inflammation. Network and pathway enrichment analysis, together with molecular docking studies, identifies crucial functional domains of the probiotics–inflammation–CRC axis and provides significant molecular details to unravel the potential mechanisms for probiotic intervention attenuating CRC-related inflammation.

An elevated level of COX-2 is observed at the site of intestinal inflammation, which causes 85% of human colorectal carcinomas (Gupta and Dubois, 2001). Our network analysis with candidate genes of cluster 7 and cluster 8 [Figures 3E,F (tnf, il1b, il6, il10, etc., il8, ccr1), (ccr5, cxcl, ccl5, etc.)] indicates inflammatory pathways as the potential domain where the application of probiotics could be effective. Our molecular docking analysis directly shows that probiotic-derived bacteriocins have the highest binding affinity for COX-2. Previously, probiotic and synbiotic formulations have been shown to mitigate the elevated expression of inflammatory COX-2 in in vitro and in vivo models (Bassaganya-Riera et al., 2012; Greenhalgh et al., 2019). Recently, probiotic-fermented whole grains like germinated brown rice (FGBR) have been shown to reduce increased levels of pro-inflammatory TNFα, IL6, and IL1β in chemically induced CRC rat models (Li et al., 2019b). Therefore, our study beautifully complements the previous study and indicates that probiotics could downregulate the cyclooxygenase pathway by inhibiting COX-2 and reduce the oncogenic inflammation in the epithelium lining.

Induced COX-2 expression is at the nexus of various signaling cascades that are aberrantly regulated in cancer. One of them is cellular oxidative stress (ROS generation) and stress-induced metabolic processes (PI3K/AKT) (Koundouros and Poulogiannis, 2018). The cellular oxidative balance is disturbed by the toxic extracellular stimulus that turns on stress-induced metabolic processes and the host adaptive immune system in the gut epithelial cells. The ionic dysregulation can further induce oxidative nitric oxide synthesis that promotes activation of the NF-κB pathway, MMPs, and COX-2, which are found at an elevated level in the carcinogenic gut inflammation (Koundouros and Poulogiannis, 2018). Such activated inflammatory pathways stimulate the secretion of pro-inflammatory cytokines and chemokines, leading to a chronic inflammatory environment in the colonic epithelium, a hallmark of CRC. Our network analysis with candidate genes of cluster 1, cluster 2, cluster 3, cluster 4, and cluster 7 [Figures 3A–E (akt, mapk, jun, stat3, myc, etc.), (mmps, etc.), (pdk4, etc.), (smad, pten, etc.), (sod, ros, parp, erbb, nod, hdac)] indicates that probiotics could target these malfunctioned cellular processes to offer a beneficial impact. Indeed probiotics are found to reduce cellular oxidative stress by decreasing nitric oxide (NO) production (Kang et al., 2019). Butyrate, a probiotic-derived metabolite, has been shown to decrease inflammation in colon cancer cells. Probiotics or synbiotics are also reported to reduce pro-inflammatory IL8 secretion and elevate levels of p65-NFκB, p38 MAPK, and COX2 in inflammatory intestinal epithelial cells (IECs). Thus, probiotics are shown to exhibit a promising anti-inflammatory activity through regulating TLR2-mediated NFκB and MAPK signaling pathways in chronic gut inflammation (Li et al., 2019a). Although a recent study showed the antitumor effect of IL18 in the presence of natural killer (NK) cells by the CRC model, direct interaction of IL18 with the probiotic-derived molecules has not been elucidated (Li et al., 2021). Our docking study directly shows the robust interactions of PI3K with lactococcin mmfii (−9 Kcal/mol) and plantaricin W (−8.5 Kcal/mol), AKT with plantaricin JLA-9 (−8.7 Kcal/mol), and bacteriocin 28b (−8.3 Kcal/mol), p38a with lactococcin A (−8.1 Kcal/mol). Thus, probiotic-derived metabolites and bacteriocins could modulate stress-induced metabolic processes and reduce gut inflammation. Molecular docking study also depicts the direct interaction of TLR4 with lactococcin mmfii, lactococcin A, plantaricin JLA-9, and plantaricin W with binding energy ≥-7.8 Kcal/mol and thus strengthens the role of probiotics in modulating the dysregulated immunoactivities (Supplementary Table 6). The binding affinity of the pro-inflammatory cytokine receptor IL18R with plantaricin JLA-9 (−8.4 Kcal/mol) and lactococcin mmfii (−8.3 Kcal/mol), as well as the interaction of TNFR1 with lactococcin A (−8.3 Kcal/mol), strongly indicates the anti-inflammatory role of probiotics. In addition, the strong association of IκBA with lactococcin A and plantaricin JLA-9 with binding energies of −8.4 Kcal/mol and −8.1 Kcal/mol, respectively, also supports the anti-inflammatory effect of probiotics. Therefore, the application of probiotics could lower chronic inflammation in the colonic environment by regulating pathways related to metabolism and immunity.

Our GO and pathway enrichment analysis of cluster 1 (atg5, atg7, atg3, atg12, atg4c, atg16l1, etc.) indicates that probiotics could have significant effects on autophagy and apoptosis in CRC. The binding energy of initiator Caspase 9 with lactococcin mmfii (−9.2 Kcal/mol) and plantaricin JLA-9 (−8.8 Kcal/mol) along with executioner Caspase 3 with lactococcin A (−8.3 Kcal/mol) and bacteriocin 28b (−8.1 Kcal/mol) further justifies the potential role of probiotics in inducing apoptosis in CRC cells. Furthermore, it has been shown previously that probiotic-derived secondary metabolites, polyamines, and ferrichrome could prevent CRC by inducing ER-stress mediated and intrinsic apoptotic pathways (Konishi et al., 2016). The recent study on L. acidophilus-fermented brown rice (FGBR) also proved to upregulate pro-apoptotic Caspase 3, Bax expression and downregulate anti-apoptotic Bcl2 levels in a chemically induced CRC rat model (Li et al., 2019b). Therefore, our in silico findings are aptly matched with the previous experimental studies. Although the function of autophagy in colorectal carcinogenesis is controversial, probiotics are reported to enhance the autophagic vacuole assembly, which could improve the inflammatory predisposition of CRC (Figure 3A) (Lai and Huang, 2019; Zaylaa et al., 2019). The binding interaction of autophagy-related cysteine peptidase ATG4 with bacteriocins supports their interactions. Recall, our molecular docking studies also show strong interactions of PI3K with lactococcin mmfii (−9 Kcal/mol) and plantaricin W (−8.5 Kcal/mol) and AKT with plantaricin JLA-9 (−8.7 Kcal/mol). Therefore, probiotics could regulate PI3K/AKT and caspase pathways for the activation of autophagy and apoptosis in CRC (Fan et al., 2016).

In summary, our functional annotation of the probiotics–inflammation–CRC gene network and pathway enrichment analysis beautifully corroborate with each other, and our molecular docking analyses further strengthen them by showing the direct interaction between the key targets of the cancer-triggering pathways and the probiotic-derived bacteriocins. Based on our analysis, we propose a rational model of potential mechanisms of probiotic intervention to reduce the severity of chronic inflammation in CRC-pathogenesis (Figure 5). Probiotics and probiotic-derived bacteriocins are known to improve microbial colonization in the GI tract, eliminating pathogens and healing the damaged epithelial barrier. Consumption of probiotics could therefore decrease the entry of toxic metabolites by strengthening the protective epithelial barrier. Probiotic-derived bacteriocins, antimicrobial peptides, and SCFAs could reduce cellular stress by regulating metabolic processes. Probiotics could decrease nitric oxide production and reduce the oxidative stress of the cell. This can downregulate inflammatory (NF-κB and NLRP3) pathways and reduce the secretion of pro-inflammatory chemokines or cytokines. Probiotics and/or bacteriocins may balance anti- and pro-inflammatory cytokines and modulate the expression of COX-2. Finally, probiotic-derived metabolites and proteins could regulate PI3K/AKT and caspase pathways to promote autophagy and apoptosis in the CRC.
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FIGURE 5. The mechanistic model of the consequences of probiotic application to prevent colorectal cancer promoting gut inflammation. Probiotics strengthen the protective epithelial barrier that prevents the entry of toxic metabolites due to leaky gut (i). Probiotics colonize the epithelial barrier and re-establish the gut equilibrium by producing antimicrobial peptides (AMPs), bacteriocins, and SCFAs that regulate metabolic processes (ii). Probiotics decrease nitric oxide (NO) production and maintain cellular oxidative balance (iii). Probiotics downregulate NLRP3-mediated inflammatory processes (iv), stress-induced MAPK (v), and NF-κB pathways (vi). Probiotics balance host immunity by stimulating anti-inflammatory cytokines and suppressing pro-inflammatory cytokines (vii) and inhibiting COX-2 production (viii). Probiotics downregulate PI3K/AKT and induce autophagy (ix) and apoptotic pathways (x) in CRC.




CONCLUSION

Our systematic network-meta-analysis and in silico molecular docking studies provide the key functional domains with their targets and a potential mechanism for probiotic intervention in gut inflammation and CRC. Probiotic-derived metabolites could regulate metabolic processes and reduce cellular oxidative stress. The resulting downregulation of inflammatory pathways could reduce the secretion of pro-inflammatory molecules. Probiotics/probiotic-derived bacteriocins could control pro- and anti-inflammatory cytokine balance and inhibit the expression of COX-2. Finally, bacteriocins and metabolites could also induce autophagy and apoptosis in CRC by regulating PI3K/Akt and caspase pathways. Thus, the probiotic intervention involves multiple biological processes and signaling cascades, yet metabolism and immune pathways could be the dominant targets for probiotic-mediated CRC prevention and treatment. However, detailed experimental studies on these proposed mechanisms would confirm them further. Unraveling the mechanism thus could benefit in developing strategies to tackle the disease efficiently.
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Lactobacillus
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Lactobacillus
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Formulation
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Bb12 (BB-12), and inulin enriched
with oligofructose

L. casei, L. acidophius,
galacto-oligosaccharides, zinc,
vitamin B1, vitamin B2, vitamin 86,
and nicotinamide

L. acidophilus BOMC® 12,130, L.
lactis BOMC® 12,451, L. casei
subsp. BOMC® 12,313, B. longum
BCMC® 02120, B. bifidum BOMC®
02290 and B infantis BCMC® 02129

B. longum, L. acidophis and
Enterococcus faecalis (Shanghai Sie
Wangxiang Pharmaceutical Co.
(Shangha, China)

Age group

Adults (patients with
colorectal
adenocarcinoma)

Adults (Cancer patients)

Adults 80 —65 years
(patients with colorectal
cancer)

Adults 24-55 years
(healthy)

Adults 40-65 years
(cancer patients)

Adults >18 years (patients
diagnosed with colorectal
cancer programmed for
open surgery for
colorectal cancer)

Adults 50-70 years
(cancer patients)

Adults 30-50 years
(healthy)

Adults 31-75 years
(cancer patients)

Adults 51-68 years
(cancer patients)

Adults 46-68 years
(cancer patients)

Adults 54-68 years
(cancer patients)

Adults >18 years.
candidates to receive
radiation therapy (radical
or neo/adjuvant) for
colorectal, cervical, anal,
endometrial, and prostate
cancer

Adults >18 years (patients
diagnosed with colorectal
cancer)

Adult 45-90 years
(patients diagnosed with
colorectal
adenocarcinoma and
elective radical CRC
resection with laparotomy)

Dosage

2 x 1 capsules from the third
post-operative day during the next thirty
days, and then 1 x 1 for two weeks each
next month to a total of one year

1 sachet of VSL#3 with 450 billor/g of
viable lyophilized bacteria starting from the
first day of radiation therapy until the end
of the scheduled cycles of radiation
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1 capsule containing viable 2 x 10 cfu
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1g powder with 1 x 10 cfu viable cells
after every meal for 4 years after removal
of colorectal tumor

1 capsule with 1.75 x 10% cfu L.
acidophilus LA-5, 0.5 x 10° cfu L.
plantarum, 1.75 x 10° cfu B, lactis BB-12,
1.5 x 10° cfu S, boulardii, twice a day
with 100ml of drinking water on the day of
operation and for the next 14 consecutive
days

4 B. tetragenous viable bacteria tablets
(Silankang®), 3 times per day and
continued for 4 weeks as one cycle
Yogurt with 1.0 x 10° cfu lactic acid
bacteria, 4.27 x 10% and more than 1.25
x 108 cfu living B. longum BB536 daily for
8weeks

1 gelatine capsule with 1-2 x 107 ofu L.
rhamnosus GG swallowed or dissolved in
cold milk or juice twice daly during the 24
weeks of adjuvant cancer chemotherapy
100ml of water with Simbifiora containing
69 of fructo-oligosaccharide and 1 x 10°
cfu each of L. acidophius NCFM, L.
rhamnosus HNOO1, L. casei LPC-37, and
B. lactis HNO19, twice a day for 7 days
prior to surgical procedure

1 x 10'° cfu/g product daily for 12 weeks
after resection of colon cancer

1 sachet with 1 x 10 cfu L. rhamnosus
GG (LGG), 1 x 10™° cfu B. Jactis Bb12
(BB-12), and 10g inulin enriched with
oligofructose, daily for 12 weeks after
resection of colon cancer

1 x 10ml vial, Dixentil (Gamfarma st
Miano Italy) with 500mg of
galacto-oligosaccharides, 10mg L. casoi,
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vitamin B1, 1mg vitamin B2, 1 mg vitamin
86, and 10 mg nicotinamide, daily during
radiotherapy treatment

107 mg of probiotics with 30 x 10° cfu of
six viable Lactobacillus and Bifidobacteria
strains, 4 weeks after surgery twice daily
for 6 months

Bifid triple viable capsule, each with 0.21g
(10° cfu/g) B. longum, L. acidophilus, and
Enterococcus faecalis, 3 times a day for 3
days before radical colorectal resection

Mode of
administration

Oral

Oral

Oral

Oral

Oral

Oral

Oral

Oral

Oral

Oral

Oral

Oral

Oral

Oral

Oral

Function

Significantly reduced post-operative
complications in the localization of
tumors on the rectum and the
ascending colon

Protected cancer patients against the
tisk of radiation-induced diarhea

Significantly reduced post-operative
infection rates in patients with
colorectal cancer

Increased the fecal counts of
lactobacill and propionibacteria and
decreased the activity of
B-glucosidase with increasing counts
of propionibacteria

Suppressed the development of
colorectal tumors

Significantly decreased the risk of
post-operative complications, like
mechanical ventiation, infections, and
anastomotic leakage in colorectal
cancer patients

Effective for treating cancer patients
with functional constipation, and is
safe and wel-tolerated

Eliminated enterotoxigenic
Bacteroides fragiis (ETBF) strains in
the microbiota, associated with acute
and persistent diartheal disease,
inflammatory bowe disease, and
colorectal cancer

Reduced the frequency of severe
5-FU-based chemotherapy-related
diarthea

Reduced levels of pro-inflammatory
Creactive protein, IL, antibiotic use
and length of hospital stay after
surgery, and morbidity in colorectal
cancer patients in the post-operative
period

Increased Bifidobacterium,
Lactobacillus, secretion of IL-2 by
PBMC, and production of IFN-y.
Decreased Clostridium perfringens,
significantly reduced colorectal
prolferation and induced necrosis in
colonic cells, improved epithelial
barrier function in patients in cancer
patients.

Prevented increase in IL-2 secretion
by activated PBMC, increased
capacity of PBMC to produce IFN-y

Prevented and reduced
radiation-related o radiation-induced
gastrointestinal disorders in colorectal
cancer patients

Reduced systemic production of pro
inflammatory cytokines, TNF-a,
IL7A, IL-17G, IL-22, IL-10, and
IL-12 and prevented post-surgical
complications in colorectal cancer
patients

Maintained the intestinal flora,
restricted bacterial translocation from
the intestine minimized the
post-operative ocourrence of
infectious complications, enhanced
systemic/localized immunity and
attenuated systemic stress response
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subsp. /actis BIO4, L. acidophilus BAOS, L. plantarum BPOB, L. paracasei BPO7, L.
helveticus BDO8

L. rhamnosus GG (LGG), B. lactis Bb12 (88-12)
L. acidophilus NCDC #15, L. rhamnosus GG MTCG #1408

L. acidophilus 74-2, L. thamnosus GG, B. lactis sp. 420 (Bif420)

L. acidophilus MTCC 5401

L. rhamnosus 4B15 (4B15), L. acidophilus, B. bifidum MF 20/5, L. gasseri 4M13
{4M13), L. casei Shirota, L. rhamnosus GG, L. plantarum NCIMB 8826, L. reuteri
NCIMB 11951, 8. longum SP 07/3

L. plantarum (AdF10), L. rhamnosus GG (LGG)

L. paracase,
B. coagulans Unique 1S2

. kefiri, L. parabuchneri, Acetobacter lovaniensis

E. durans, L. casei ATCC 393

S. thermophilus, L. rhamnosus, L. acidophilus, L. casei, B. bifidum, B. longum, L.
casei variety thamnosus Lcr35, L. acidophilus, B. bifidum LaBi

L. helveticus, S. thermophilus, L. bulgaricus
L. paracasei IBRC M10784, L. brevis IBRC M1079

S. thermophilus DSM24731, L. acidophilus DSM24735, L. delbrueckii spp.
bulgaricus DSM24734, L. paracasei DSM24733, L. plantarum DSM24730, B.
longum DSM24738, B. infantis DSM24737, B. breve DSM24732

L. acidophilus NCFM (La)
Propionibacterium freudenreichii subsp. freudenreichil strain TL142

B. lactis (Bb12), L. rhamnosus (LGG)
B. breve, L. reuteri, L. plantarum, L. rhamnosus, L. brevis, B. bifidum, B. longum
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B. bifidum (Bla/016P/M), L. acidophilus

L. rhamnosus KCTG 122028P

L. plantarum

L. acidophilus CL1285, L. casei LBC8OR

L. casel, L. plantarum, L. bulgaricus, L. acidophils, B. longum, B. breve, B. infantis,

S. thermophilus
L. plantarum

L. rhamnosus GG (LGG), B. lactis Bb12 (Bb12)
S. boulardii

B. subtilis (ATCC 23857), C. butyricum (ATCC 19308)

L. johnsonii BCRC17010, L. delbrueckii subsp. bulgarius BCRC10696, L. salivarius
BCRC14759, L. reuteri BCRC14625, L. brevis PM150, L. plantarum PM153, L.
brevis PM177

L. paracasei K5, L. casei ATCC 393, L. rhamnosus GG ATCC 53103

VSL#3: L. acidophilus, L. plantarum, L. casei, L. delbruecki subsp. bulgaricus, B.
breve, B. longum, B. infantis and S. salivarius subsp. thermophilus

E. faecalis strain KH2, Proteus mirabilis (ATCC 12453)
Propionibacterium freudenreichii ITG P9

S. thermophilus CRL8O7, L. delbrueckii subsp. bulgaricus CRL864

S. thermophilus, L. rhamnosus, L. acidophilus, L. casei, B. bifidum, B. longum

L. casei, L. plantarum, L. acidophilus, L. delbruecki subsp. bulgaricus, B. infantis, B.

breve, B. longum, S. salivarius subsp. thermophilus
8. fongum (BL)

B. longum BCRC 910051, L. gasseri BCRC 910197
L. rhamnosus GG CGMCC 1.2134 (LGG)

L. acidophilus BCMCR 12130, L. casei BCMCR 12313, L. /actis BCMCR 12451, B.
bifidum BCMCR 02290, B. longum BCMCR 02120, B. infantis BCMCR 02129

L. rhamnosus
B. bificum (Bla/016P/M), L. acidophils (LA)

L. plantarum (ATCC 8014)

L. rhamnosus GG ATCC53103, L. casei ATCC334, L. coryniformis ATCC25600, L.
fermentis ATCC23271

L. acidophilus, B. bifidum, B. infantum
L. plantarum CGMCC no.1258, L. acidophilus-11, B. longum-88
B. polyfermenticus

L. acidophilus, L. rhamnosus, B. bifidum

B. infantis

L. lactis subsp. lactis

L. helveticus NS8

B. longum, L. acidophilus, E. faecalis
L. fermentum
VSL#8: L. acidophius, L. plantarum, L. casei, L. delbruecki subsp. bulgaricus, B.

breve, B. longum, B. infantis and . salivarius subsp. thermophilus
L. plantarum YYC-3

L. johnsonii, L. reuteri, L. rhamnosus GG

L. salivarius (LS) Ren
L. casei ATCC 393

L. plantarum (AJF10), L. rhamnosus GG (LGG)
. butyricum (ATCC 19398)

L. casei strain Shirota and B. breve strain Yakult

Training genes

il-4, il-6, il-10, i-17,
nf, ifn

i-2/ifn-g, tnf-a/i-12, i-10, pge2, tof-p1
ctnnb1, nf-xb, cox-2

cox-1, cox-2
cox-2, inos, c-mye

i-6, i-1B, 10, il-4, il-13, tnf, tgfp1

gsh, gpx, gst, sod, cat, tpS3, p21, bol2, bax,
casp3, casp9

tgfp1, tnf-a, bel2, bax, p53, p21
bal2, bax, tp53, parp1, cytc, actb, casp-3
ode?

-, i-1B, ifny, il-6, i-10, i1, i-17

bel2, bax, tr2, tird, nod1, nod2, nip6
bel2, bax, casp-3, casp-9, b-actin

tnf-, il-1b, il-6, il-10, cox-2

oxerd, excl12, mhei
casp-8, casp-9, casp-3, casp-7, rip', paip, cyt
6, bax, vdac

gst, cox-2, inos
gt her-2, ptgs-2, cox-2

504, cat, gr, gp¥, tnf-a, COx-2, mpo, nf-xb
ifn-y, i-10

P53, p21, cyclin b1/cak1

cd4d, 133, 166, aldh1, casp-3

casp-3, p21

tnf-a, angiostatin, ppar ¢, cox-2, i-17, cd36

tnf-a, i6
p21, drs, wnt2b

erk1/2, meki/2, her-2, her-3, igf-1r, egff, erk,
mek, camkii kinases, pkc, egfr, igf1r; her-2,
her-3, akt

trd, mya88, p21, i-22, survivin, nf-xb, erk
bax, bel2, loh, no

bek2, belxi, bak, bax, bad, b-actin
anti-pampk, anti-ampk, anti p-perk1/2,
anti-perk1/2, anti-paki, anti-akt, anti-cyclin d1,
anti- bel-2

i1, casp-1

casp-8, oyt ¢, hse70, p21, parp-1, fip, casp-3,
casp-9, bax, bak, bel-x,, mek-1, xiap, histone h3

i10, 17, mop-1, tnf-a

tnf-a, il-1, il-6, ifny, i-10, il-Tra

pparg

i1, i16, mir-21a, mir-155, mir-145, mir-15a,
nfch

pena, p27, cyclina, cyclin b, cyclin e, cde-2,
cok-2

tnf-c, beatenin, nikb, p65, casp-3, cox-2, bax,
bel-2, inos, vegfa, p53, b-actin

cip, i6, tnf-e:

tnf-a, I-6
mi-135b, mir-26b, mir-18a-3p, mir-155-5p,
apc, pten, kras, pu.1, b-actin

tnf-c, I8, erk

ddit3, @ pdd/ 42 mapk (erk), akt, jok, p38mapk,
gskab, casp-3, parp

muc2, zo-1, 12, tird, casp-3, cox-2, b-catenin
P38 mapk

erbb2, erbb3, e2f, h2a, i-8

6, i-1B, tf, 10, i-4, 13, tgfp1

tof-a, i 18, I6, tbet, i-2, i-10, tgf-p, i-12,
ifn-y, 23, i-21, i-17, roryt, foxp3, gapdh
cea, ceam6, mmp2f

tnf-a, -8, il-10, nf-kb,

cxcll, exci2, cxcl3, cxcls, tnfa, il1b, i, ptgsT
bax, bak, noxa, parp1, bol-x), p-ibe:

tnf-a, i6, mop-1, ccl2, i-10, i1, i-17, i-22,
arginase-1

tnf-a, iF6, i-17F, i-22, cyclin-dl1, c-myc, icam!,
veam

10, itn y, i17, i-12, p40, thet, gata3, rorc,
foxp3

akt, jnk, erk, cyclind, cox2

trai, cyclin dl, birc5a

cox-1, cox-2

‘hgord1, hgprd3, hgpr109a, hp2Twa1,
‘hgapah, mgprd1, mgprd3, mgpri09a,
mgaph, cyclin d1, c-myc,

6, stat-3, cox-2, tnf-a, eil-6, stat3, nf-kb,
pge-2, cox-2, tnf-e
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