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Abstract: Colorectal cancer (CRC) is a major global health concern, particularly in Western countries 

where there is high consumption of processed food. Gut microbiota, intestinal inflammation, and 

autophagy play a pivotal role in CRC initiation and progression, and probiotics have emerged as 

potential preventive and adjuvant therapeutics by restoring a balanced gut microbiota and 

dampening inflammation. Probiotics exert their anti-inflammatory effects through several 

mechanisms, including the modulation of immune responses, the production of anti-inflammatory 

molecules (such as short-chain fatty acids), the reduction of pro-inflammatory cytokines secretion, 

and the regulation of inflammatory signaling pathways. Moreover, probiotic metabolites have been 

shown to restore intestinal epithelial homeostasis and barrier integrity by modulating autophagy, a 

macromolecular degradation process that keeps cell proliferation, adhesion, and migration under 

check and that also influences gut microbiota. This narrative review discusses the current evidence 

supporting the anti-inflammatory effects of probiotics and explores their potential preventive and 

therapeutic applications in CRC management. 
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Introduction 

Colorectal Cancer: Epidemiology, Risk Factors, Prevention and Therapy at a Glance 

Worldwide statistics indicate that colorectal cancer (CRC) incidence ranks third and mortality 

second (after lung) in 2022, being now the first-leading and second-leading cause of cancer death in 

men and women, respectively [1]. The highest incidence rates are reported in high-income and well-

developed regions, including Europe, Australia, North America, and Eastern Asia, suggesting a link 

with lifestyle and dietary factors [2]. The role of diet and lifestyle in colorectal carcinogenesis is 

further supported by the observation that its incidence is constantly increasing in developing 

countries over the last decades [3,4]. Additional factors associated with an increased risk of 

developing sporadic CRC include age over 50, male sex, obesity, and a sedentary lifestyle [5]. Having 

an impact on gut microbiota, alcohol consumption, and dietary choices constitute the most important 

modifiable risk factors for CRC [6–8]. However, the most significant risk factors for developing CRC 

are genetic predisposition (inherited mutations in relevant genes), a family history of CRC, and 

chronic inflammatory conditions of the gastrointestinal tract [9,10]. 
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Surgery remains the gold standard treatment for CRC, although in most cases it is preceded or 

followed by adjuvant chemotherapy and radiotherapy to shrink or stabilize the tumor [11,12]. 

Standard chemotherapy protocols include monotherapy with 5-fluorouracil (5-FU) and multi-drug 

therapy combining 5-FU with leucovorin and oxaliplatin or with leucovorin and irinotecan [11]. More 

recently, novel strategies such as target therapy, gene therapy, and immunotherapy have been 

introduced to treat CRC [13]. Early detection of CRC through colonoscopy and modification of 

lifestyle risk factors are crucial for prevention and reduce the risk of developing the tumor [2]. 

Recently, prebiotics, probiotics, and postbiotics have emerged as potent dietary supplements for the 

prevention and post-surgery adjuvant therapy of CRC [14]. 

1. Colorectal Cancerogenesis: The Role of Genetics and Epigenetics 

Most cases of CRC are sporadic and develop from polyps through the adenoma-carcinoma 

sequence following a characteristic sequential accumulation of genetic and epigenetic mutations in 

well-defined oncogenes, tumor suppressor genes, and DNA repair genes in 10 years or more [15,16]. 

Epigenetic regulation of oncogenes or tumor suppressor genes expression also contributes to CRC 

carcinogenesis [17]. CRC hereditary predisposition is linked to germline inherited monoallelic 

mutations in tumor suppressor or DNA repair genes [18]. Inactivation (by mutation or epigenetic 

silencing) of the second allele creates the conditions for the initiation step of tumorigenesis, which 

can be followed by additional mutations or epimutations in oncogenes and tumor suppressor genes 

that, eventually, will lead to frank carcinoma. The two most common forms of hereditary 

predisposition to CRC are hereditary non-polyposis colorectal cancer (HNPCC), with Lynch 

syndrome as the most common, and familial adenomatous polyposis (FAP). Lynch syndrome is 

characterized by mutation in DNA mismatch repair genes (MLH1, MSH2, MSH6, PMS2) leading to 

microsatellite instability [19]. FAP is an autosomal dominant condition caused by a germline 

mutation in the APC (Adenomatous Polyposis Coli) gene. It is characterized by the development of 

over 100 polyps at a young age. If left untreated, these polyps have a high likelihood of progressing 

to CRC within a few years [20]. In Lynch syndrome, the transition from adenoma to carcinoma occurs 

more rapidly, with an estimated progression time of 35 months [21]. 

Colorectal carcinogenesis involves three primary molecular pathways: chromosomal instability 

(CIN), microsatellite instability (MSI), and the CpG island methylator phenotype (CIMP). CIN is the 

most common type of molecular pathway responsible for sporadic CRC, affecting genes involved in 

key pathways critical for carcinogenesis, such as APC, KRAS, PI3KCA, and TP53. CIN is also involved 

in the development of FAP, as germline mutation in the APC gene is found in 60-80% of FAP cases 

[22]. Mutations in APC are often followed by mutations in KRAS, which are present in 40% of CRC 

cases [16]. MSI, occurring in 95% of Lynch syndrome cases and 15% of sporadic CRC, is caused by 

accumulated germline mutations in mismatch repair (MMR) genes, including MLH1, MSH2, MSH3, 

MSH6, and PMS2 [23]. These mutations lead to instability within microsatellite regions, which are 

repeated tandem sequences of nucleotides. As DNA polymerase struggles to bind these repetitive 

sequences, errors accumulate, further disrupting genome stability [16]. A small percentage (20%) of 

CRC cases exhibit CIMP, where the promoter of 3-5 tumor suppressor genes (e.g., p16, MGMT, 

TIMP3, p14, FHIT, SLC5A8) are hypermethylated due to upregulation of DNA methyltransferases 

(DNMT3B or DNMT1) [24]. The high-CIMP is also known as the serrated pathway, where the BRAF 

V600E mutation is a key event determining a fatal outcome [25]. 

The earliest initiating event in colorectal carcinogenesis is an inactivation mutation in the APC 

tumor suppressor gene in normal colonic cells, which leads to polyp formation and the development 

of dysplastic crypts. This is followed by an additional mutation in the oncogene KRAS and the tumor 

suppressor gene DCC (Deleted in Colorectal Cancer), resulting in the formation of adenomas. As the 

adenomas progress to carcinoma, the tumor-suppressor gene TP53 is inactivated, playing a key role 

in the transition to malignancy [15]. Once the adenocarcinoma becomes invasive, it can spread 

primarily to the liver, lungs, and bones, leading to an incurable metastatic disease [22]. 
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The Wnt/β-Catenin pathway is a highly conserved signaling mechanism that plays a critical role 

in cell survival, proliferation, migration, and differentiation. Activation of the Wnt/β-Catenin 

pathway occurs when Wnt ligands bind to Frizzled receptors (FZD), triggering downstream 

signaling events that promote the nuclear translocation of β-Catenin to activate the transcription of 

target genes including CYCLIN D1, c-MYC, PDK, MCT-1, and MMP7 [26,27]. Additionally, 

hyperactivation of the Wnt/β-Catenin pathway induces epithelial to mesenchymal transition (EMT) 

through the transcription factors SNAIL1, SLUG, ZEB1, and TWIST [28], and also contributes to 

altered glucose metabolism, inducing aerobic glycolysis (so called “Warburg effect”) through hyper-

expression of key glycolytic enzymes such as PDK1 and MCT-1, that shift energy metabolism towards 

glycolysis [29,30]. Loss-of-function mutations in the oncosuppressor APC, mutations in CTNNB1 (β-

Catenin gene), and the excessive presence of Wnt ligands in the tumor microenvironment (TME) are 

critical drivers of colorectal carcinogenesis [31]. Wild-type APC regulates the transition from the 

G0/G1 to the S phase by inhibiting Wnt signaling and promoting the ubiquitin-mediated degradation 

of β-Catenin, a key transcription factor. Mutations in APC lead to the activation of downstream 

targets, including cyclin D1 and myc, which contribute to uncontrolled cell growth [32,33]. Cyclin 

D1, along with cyclin-dependent kinases (CDKs) like p27 and p21, is essential for regulating cell cycle 

progression, particularly during the G1 to S phase transition [34]. APC also plays a crucial role in 

processes such as chromosome segregation, migration, apoptosis, and differentiation, which become 

deregulated in the presence of mutated APC [32,33]. 

Mutated KRAS leads to the constitutive activation of the mitogen-activated protein kinase 

(MAPK) pathway, independent of EGFR activation, resulting in uncontrolled cell growth, 

proliferation, survival, migration, and invasion [35]. 10-20% of CRC cases with mutated KRAS also 

present mutations in PI3K during the late stages of tumor progression [36]. Activated PI3K mutations 

lead to the activation of the AKT-mTOR pathway, which results in downregulation of apoptosis, 

inhibition of autophagy, and promotion of cell survival, protein synthesis, and proliferation [37]. 

Loss-of-function mutations in TP53 are the most common mutations found in the late stages of 

cancer and occur in 50-75% of CRC [38]. TP53 encodes the p53 protein, which regulates DNA repair, 

cell cycle progression, cell senescence, apoptosis, and responses to oxidative stress [39]. 

2. Colorectal Cancerogenesis: The Role of Autophagy 

Autophagy is a catabolic process highly conserved in eukaryotic cells that maintains cell 

homeostasis through the lysosome-mediated degradation of damaged (unfolded, oxidized), aged, or 

redundant cellular components as well as the destruction of intracellular pathogens. Based on the 

mechanism that directs the degrading material (cargo) to the lysosome, autophagy is classified into 

three types: (i) macroautophagy (where the cargo is sequestered within the autophagosomes), (ii) 

microautophagy (small portion of the cytoplasm is internalized by invagination of the lysosome 

membrane), and (iii) chaperon-mediated autophagy (internalization of selected proteins is mediated 

by HSC73) [40]. A more in-depth description of the autophagy machinery, its biochemical regulation 

by extracellular signals and by genetics and epigenetics can be found in excellent reviews [40–42]. 

Here, we will only give a glance at macroautophagy (simply referred to as autophagy) since this 

pathway plays the major role in macromolecular degradation and turnover. This process is 

characterized by the sequestration of the cargo within autophagosomes (double-membrane 

organelles) that subsequently fuse with endosomes and lysosomes, forming the autolysosomes in 

which the cargo is fully degraded, and the substrates are exported in the cytosol for reutilization [40]. 

Autophagy is repressed by growth signals and abundancy of nutrients (glucose, amino acids) 

through the activation of mTORC1, while it is induced in conditions of nutrient depletion and 

reduced oxidative phosphorylation through the activation of AMPK [40]. Autophagy is a pro-

survival pathway that opposes apoptosis, yet when hyper-induced because of overwhelming cellular 

toxicity, it can precipitate autophagic cell death [40]. This is reflected in cancer, where autophagy may 

play two opposite roles: (i) as anti-cancer it can prevent carcinogenesis by eliminating damaged 

subcellular structure and protecting the genome, by contrasting cell mass growth and by inhibiting 
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cell proliferation and cell migration and by promoting cancer cell dormancy, whereas as (ii) pro-

cancer it can favor survival in floating metastatic cells and can protect the cancer cell from the chemo- 

and radio-induced damages [43]. Autophagy also plays a role in reshaping the TME by reducing 

angiogenesis, inflammation, relieving immune suppression, favoring tumor dormancy, and 

promoting the reversal of the phenoconversion of cancer-associated fibroblasts (CAFs) into normal 

fibroblasts [44–46]. Stimulation of autophagy also re-educates M2 tumor-associated macrophages 

[47]. 

The pro- and anti-cancer role of autophagy in colorectal carcinogenesis is context-dependent 

[48,49] (Figure 1). In certain settings, autophagy contrasts with the induction of apoptosis in CRC 

cells [50,51]. On the other hand, there is evidence that supports the anti-cancer role of autophagy in 

inhibiting CRC growth, progression, and metastasis [52,55]. Consistent with a beneficial effect of 

autophagy in CRC progression, it has been reported that increased expression of the autophagy-

related tumor suppressor gene BECLIN-1 associates with better overall survival in CRC patients 

undergoing chemotherapy [56]. Reinforcing the anti-cancer role of autophagy is the observation that 

autophagy may prevent the onset of intestinal inflammatory diseases that may result in CRC [57], 

improve the immune system functions, modulate the production of inflammatory cytokines, and 

improve pathogen clearance [58,59]. 

 

Figure 1. Role of autophagy in regulating intestinal homeostasis. Autophagy counteracts colorectal cancer (CRC) 

by limiting cell proliferation and migration, while also mitigating inflammation associated with inflammatory 

bowel disease (IBD), a condition that can progress to CRC. This highlights the dual protective role of autophagy 

in maintaining intestinal integrity and preventing tumorigenesis (created with BioRender). 

3. Colorectal Cancerogenesis: The Role of Inflammation 

Chronic inflammation is a crucial hallmark of cancers [60]. Inflammatory immune cells and the 

associated cytokines in the TME are thought to play a double-faced role in the initiation and 

progression of CRC [61]. Inflammation starts as a defensive response of the immune system to 

pathogens or tissue damage. In response to intestine-localized inflammation, cytokines produced by 

gut immune cells (TNF-α, IL-1β, and IL-6) stimulate the crosstalk among the gut microenvironment 

cells [61]. The persistent activation of the inflammatory response leads to an excess release of 
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bioactive molecules such as cytokines, chemokines, and growth factors that eventually contribute to 

malignant transformation, cancer growth, and progression [62]. The sequential phases of induction 

of inflammation, stimulation of proliferation, and tumorigenesis following microbial dysbiosis and 

metabolic alterations have been clearly elucidated in animal models of colitis-associated colorectal 

cancer (CAC) [63]. 

Inflammatory bowel disease (IBD) is associated with oxidative stress and DNA damage, 

resulting in genetic alterations [57,64], which stimulate proliferation of epithelial cells, cause 

dysplasia and, over time, dysplasia, eventually leading to tumor development. [65]. Accordingly, IBD 

patients have approximately a two-to three-fold increased risk of developing CRC compared to the 

general population [66,67]. 

Cancer cells, CAFs, tumor-associated macrophages (TAMs), and immune cells release a plethora 

of inflammatory cytokines that ultimately affect the microbiota, further contributing to the creation 

of a permissive TME for the growth and metastasization of CRC [68]. CRC stromal compartment 

includes fibroblasts, macrophages, and immune cells secreting a variety of cytokines, among other 

immune mediators. IL-6 is a master inflammatory cytokine promoting the development of CRC 

through multiple pathways [69,70]. The release of IL-6 by CRC-associated fibroblasts stimulates 

VEGF-mediated angiogenesis, inhibits CRC cell apoptosis, and induces CRC proliferation and 

motility [71,72]. Further, IL-6 induces the release of TGF-β, thus promoting EMT, activates the 

proliferation pathways (such as ERK/MAPK, PI3K, and Wnt/β-Catenin), promotes the M2 TAMs 

polarization, and suppresses the immune response [73–76]. The serum levels of IL-6 increase during 

the progression from colorectal adenoma to carcinoma, and, consistently, CAC and CRC patients 

with high serum levels of IL-6 present with tumors of large size, relapse, and shorter overall survival 

[77]. 

Macrophages are key players in the TME, where they can dynamically change their phenotype 

from M1-like to M2-like depending on the extracellular stimuli. M1-like macrophages, identified by 

the expression of CD80 and CD86, show a glycolytic metabolism and exert a pro-inflammatory and 

anti-tumor function, while M2-like macrophages (and their subtypes), identified by the expression of 

CD206 and CD163, show a phosphorylation oxidative metabolism and exert an anti-inflammatory 

and pro-tumorigenic function [78–80]. CRC cells co-cultured with CD68, CD204, and CD206-positive 

M2-like macrophages showed an increased rate of proliferation and colony formation, and this effect 

was abrogated when the M2-like macrophages were pre-exposed to rapamycin to induce autophagy 

[47]. 

Finally, dysbiotic microbiota may stimulate a chronic inflammatory status that may evolve into 

a high grade of dysplasia and then cancer due to the release of toxins, reduced production of 

beneficial metabolites, and disruption of epithelial integrity [81]. 

4. Dysbiosis and Colorectal Cancerogenesis: The Role of Diet and Microbiota 

CRC incidence is strongly associated with dietary habits [82]. The western diet, characterized by 

a high intake of red and processed meats, saturated fats, alcohol, and sugar, is associated with an 

increased risk of CRC [83,84]. This is linked to the oxidative metabolism of foods that typically make 

up the western diet [85]. A dietary pattern rich in fats associated with inflammatory adipose tissue 

contributes to colorectal carcinogenesis [86]. In contrast, diets rich in low-fat dairy products such as 

fruits, vegetables, legumes, fiber, whole grains, and fish, combined with moderate alcohol intake, 

have been shown to have a protective effect against CRC. This protective effect is attributed to their 

content in prebiotics and specific micronutrients, such as calcium and magnesium, as well as vitamins 

like vitamin D and vitamin B6, and polyphenols [7,87]. 

Dietary patterns significantly influence the gut microbiota [8,88]. Changes in its composition, 

particularly a reduction in microbial diversity, can result in dysbiosis, a condition that plays a critical 

role in CRC by triggering malignant transformations in intestinal cells [8,89]. 

The gut microbiota is a dynamic community of several types of microbes, including archaea, 

eukaryotes, bacteria, viruses, and parasites, that have evolved to grow and survive in the 
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gastrointestinal tract. Within the microbial community, bacteria are the most abundant group, 

comprising approximately 39 trillion individuals [57]. These bacteria belong to several phyla, 

including Firmicutes, Bacteroidetes, Actinobacteria, Fusobacteria, Proteobacteria, Verrucomicrobia, and 

Cyanobacteria [90], with Firmicutes and Bacteroidetes constituting 90% of the total bacterial population 

[91]. Throughout life, the composition of the gut microbiota can change, influenced by age, sex, 

lifestyle factors such as physical exercise, sedentary behavior, smoking, diet, and the use of 

antibiotics, creating a unique microbial profile for each individual [8,92]. Gut microbiota plays a key 

role in maintaining the integrity of the mucosal barrier, regulating tissue development, generating 

short-chain fatty acids (SCFAs) essential for cellular energy balance, providing nutrients and 

vitamins, and modulating the host immune response, inflammatory cascade, and protection against 

pathogens [57,93,94]. The bacteria in the gastrointestinal tract can ferment non-digestible 

carbohydrates, generating SCFAs. The main SCFAs are acetate, propionate, and butyrate. SCFAs 

exhibit various beneficial effects, such as maintaining intestinal barrier integrity, regulating immune 

function, and promoting anti-inflammatory responses. SCFAs also display anti-tumor properties by 

inducing apoptosis, reducing the proliferation of neoplastic cells, and mitigating oxidative stress [95]. 

The effects of SCFAs on the human gut are mediated by the presence of SCFAs transporters on the 

colonic epithelium. These transporters include MCT1, MCT4, SMCT1, and SMCT2. MCT1 is located 

in both the apical and basolateral membranes of the colonic epithelium, MCT4 is found in the 

basolateral membrane, and SMCT1 and SMCT2 are located in the apical region [96]. 

Environmental factors, including diet, infections, and drugs, can disrupt the intestinal bacterial 

flora, which consequently may affect SCFAs and vitamin synthesis, increase stress responses, cause 

immune dysregulation, and increase susceptibility to DNA alterations [97]. Over time, these changes 

will lead to chronic inflammation, immune dysfunction, and metabolic alterations that can contribute 

to the development of conditions such as allergies, obesity, irritable bowel syndrome, IBD, and CRC. 

The resulting imbalance in the composition and function of the microbiota is referred to as dysbiosis, 

a condition linked to the development and progression of CRC [98]. 

Patients with CRC exhibit low microbial biodiversity, with specific bacteria, such as 

Fusobacterium nucleatum, Escherichia coli, Enterococcus faecalis, Streptococcus gallolyticus, and Bacteroides 

fragilis present in higher abundance in their gut. Additionally, Salmonella, Clostridium difficile, and 

Prevotella are also linked to CRC pathogenesis [99,100]. 

Fusobacterium nucleatum invades the intestinal epithelium through the expression of the adhesion 

protein FadA. This protein forms a complex with E-cadherin, increasing intestinal barrier 

permeability [101] and enhancing β-Catenin activity [102], which promotes cancer cell growth. 

Additionally, F. nucleatum suppresses immune cell activity by binding specific inhibitory receptors 

on natural killer (NK) cells and T cells [103]. An increase in tumor-promoting cytokines, including 

IL-17A and TNF-α, in CRC is associated with the activation of the NF-κB pathway by F. nucleatum 

[104]. 

A similar role is attributed to Bacteroides fragilis, which produces a metalloprotease that cleaves 

E-cadherin, disrupting the intestinal barrier [105]. It also induces the nuclear translocation of β-

Catenin [106] and stimulates the production of IL-8 and IL-17, triggering an aberrant immune 

response and promoting tumorigenesis [107]. 

Activation of the β-Catenin pathway is also induced by Salmonella [108] and Clostridium difficile 

[109] infection, along with the activation of the STAT3 signaling pathway [110] and the production 

of reactive oxygen species (ROS) and IL-17, respectively [109]. 

The virulent strain of E. coli contributes to CRC carcinogenesis by releasing toxins that induce 

double-stranded DNA damage [111,112]. 

Enterococcus faecalis plays a primary role in CRC progression through the production of oxidants, 

which induce chromosomal instability [113]. The hydrogen peroxide produced by E. faecalis promotes 

cell proliferation by activating the EGFR signaling pathway [114]. 
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Streptococcus gallolyticus drives CRC carcinogenesis by inducing inflammation through IL-1, 

COX-2, and IL-8 pathways [115]. Additionally, cells infected with S. gallolyticus exhibit increased 

levels of β-Catenin and proliferative proteins such as c-myc and PCNA [116]. 

The intestinal dysbiosis is also accompanied by a reduction in butyrate-producing bacteria, such 

as Eubacterium, Roseburia, and Faecalibacterium, which are essential for maintaining intestinal 

homeostasis and exerting anti-inflammatory and anti-tumorigenic effects, thus further promoting 

CRC progression [117] (Figure 2). 

 

Figure 2. Impact of gut microbiota on colorectal cancer progression. Healthy gut microbiota maintains 

epithelial integrity and energy balance, prevents inflammation, provides essential nutrients and vitamins, 

produces short-chain fatty acids (SCFAs), and protects against pathogen invasion. In contrast, dysbiotic gut 

microbiota increases intestinal permeability, promotes chronic inflammation and oxidative stress, induces DNA 

damage, activates oncogenic pathways, and reduces SCFAs production, all contributing to colorectal cancer 

development (created with BioRender). 

5. Probiotics and Their Metabolites for Prevention and as Adjuvant Therapeutics 

in Colorectal Cancer: Impact on Inflammation and Autophagy 

Dysbiosis plays a significant role in the development and progression of CRC. This has led to 

increasing interest in using probiotics as a therapeutic option, as they can modulate the gut 

microbiota, restore microbial balance, and potentially counteract dysbiosis, offering a promising 

strategy to influence CRC outcomes. Probiotics are living bacteria that elicit beneficial health effects 

by restoring eubiosis. Probiotics exhibit anti-cancer properties through various mechanisms, such as 

altering gut microbiota composition, reducing intestinal pH levels, neutralizing mutagens or 

carcinogens, enhancing immune responses while dampening inflammation, and promoting 

autophagy, apoptosis, and cell differentiation processes [118–120]. 

The release of bacterial products, such as flagellin and lipopolysaccharide (LPS), plays a 

significant role in activating the host immune system and contributes to the anti-inflammatory 

properties of probiotics. One of the ways probiotics combat inflammation is through the interaction 

of bacterial products with Toll-like receptors (TLRs) expressed on dendritic cells or macrophages. 
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This interaction triggers the differentiation of naïve T cells into Treg cells, which produce IL-10 and 

reduce the production of TNF-α. Furthermore, probiotics inhibit the activation of NF-κB in 

macrophages, thereby reducing the production of pro-inflammatory cytokines such as TNF-α and 

IL-12. Additionally, probiotics promote the differentiation of B cells into IgA-producing plasma cells, 

enhancing mucus production and preventing the adhesion of microorganisms to intestinal epithelial 

cells, thereby reducing the risk of pathogen penetration [121–123]. 

In vitro experiments demonstrated the anti-proliferative and cytotoxic properties of probiotic 

bacteria administered alone or in strain combination on human CRC cells but not on normal colonic 

cells [124]. 

In animal models, the treatment with probiotics of the Lactobacillus genus decreased the 

formation of tumors, reduced the growth of aerobic bacteria in the intestine, and restored the correct 

host immune functions [125–127]. In CAC models, the administration of VSL#3, a probiotic mixture 

containing Bifidobacterium breve, B. infantis, B. longum, Lactobacillus acidophilus, L. bulgaricus, L. casei, L. 

plantarum, and Streptococcus thermophilus, reduced the incidence of high-grade dysplasia and 

prevented the development of CRC. The probiotic strains contrasted colorectal carcinogenesis in 

mouse models of Dextran Sulfate Sodium (DSS)- and Azoxymethane (AOM)-induced colitis, 

reducing the activation of STAT3, the expression of BCL-2 and IL-6 [128,129]. L. acidophilus reduced 

the formation of aberrant crypt foci, the earliest neoplastic lesions in the colon epithelium [130]. 

In CRC patients, probiotics were shown to synergize with chemotherapy by improving their 

therapeutic efficacy and reducing the side effects. The co-administration of L. acidophilus and L. casei 

improves the efficacy of the chemotherapeutic drug 5-FU increasing its pro-apoptotic efficiency [131]. 

L. paracasei and L. rhamnosus lead to a decreased production of MMP-9, which reflects in reduced 

invasion ability of CRC cell lines [132]. 

CRC patients co-treated with L. rhamnosus could be treated with lower doses of 5-FU and showed 

reduced episodes of diarrhea and abdominal pain, and required shorter hospitalization compared to 

patients treated with only the chemotherapeutics [133]. Lactobacillus bacteria administered before and 

after surgery reduced the proliferation, the growth, and the invasion of CRC cells, decreased 

enteropathogenic bacteria in blood and improved diarrhea, restored the integrity of gut mucosa, and 

stimulated the systemic immune system [134,135]. Post-operative complications were reduced in 

CRC patients treated with Bifidobacterium and Lactobacillus [136,137]. Patients treated with 

chemotherapy supplemented with Bifidobacterium breve demonstrated increased microbiota diversity, 

a lower frequency of fever, and a reduced risk of infections [136]. The administration of specific 

Lactobacillus and Bifidobacterium strains reduces radiotherapy-related gut toxicity and diarrhea 

[138,139]. 

L. casei, L. acidophilus, L. lactis, B. bifidum, B. longum, and B. infantis ameliorated the inflammatory 

reactions, reducing the levels of IL-6, and improved the quality of life for CRC patients [140]. B. 

longum, L. acidophilus, and Enterococcus faecalis decreased the population of Fusobacterium species in 

CRC patients [141]. As previously mentioned, probiotics play a role in reducing harmful gut bacteria 

by competing for essential resources such as nutrients and adhesion sites, while also producing 

antimicrobial compounds like bacteriocins, hydrogen peroxide, and lactic acid [142]. Probiotics have 

been shown to counteract inflammation, a key factor in CRC promotion, and modulate the immune 

response [57]. Additionally, probiotics stimulate goblet cells to increase the production of mucus and 

defensins, enhance tight junction integrity, and reduce intestinal permeability, thus preventing the 

infiltration of pathogenic bacteria [142]. These processes help reshape the gut microbiota, promote 

the growth of beneficial bacteria, and reduce the risk of CRC development. 

Recently, we have shown that soluble metabolites of Lactiplantibacillus plantarum OC01 could 

reduce the cell proliferation and migration of CRC cells cultivated as 2D or 3D-spheroids even in the 

presence of the inflammatory cytokine IL-6 [143]. Additionally, the metabolites from 

Lactiplantibacillus plantarum OC01 changed the secretome of CRC cells, reducing the release of 

cytokines so that M2-like macrophages were reverted into an M1-like phenotype [144]. 
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In vitro studies have shown that certain Lactobacillus strains possess anti-genotoxic and anti-

mutagenic properties, effectively reducing mutagen levels and thereby lowering the risk of CRC 

initiation [145,146]. Furthermore, probiotics enhance the activity of antioxidant enzymes such as 

superoxide dismutase, catalase, and glutathione peroxidase, which counteract oxidative stress and 

provide additional protection against CRC development [121]. Lactobacillus casei DG’s metabolites 

were shown to reduce the expression of inflammatory cytokines IL-1α, IL-6, and IL-8 and of TLR4 

while increasing the expression of anti-inflammatory cytokine IL-10 [147]. 

The anti-carcinogenic effects of probiotics are also attributed to the production of SCFAs [148]. 

A decrease in the concentration of SCFAs has been linked to an increased risk of CRC. Butyrate is the 

primary SCFA absorbed by the intestinal epithelium and serves as the main energy source for 

colonocytes, while the acetate and propionate mainly reach the liver [149]. Additionally, butyrate 

promotes the integrity of the gut barrier by upregulating the genes that encode for the tight junction 

proteins, such as claudin-1, zonula occludens-1, and occludin [150]. Furthermore, by enhancing the 

expression of Mucin 2, butyrate reinforces the mucus layer of the gut epithelium, which is essential 

for protection against pathogens and immune response regulation [151]. SCFAs, particularly 

butyrate, negatively regulate the inflammatory signaling pathway mediated by the inflammasome 

complex NLRP3, thereby inhibiting macrophage activation [152]. Butyrate also reduces the 

production of inflammatory cytokines, including TNF-α, MCP-1, and IL-6, through the activation of 

GPR41 in macrophages [153], and decreases the proliferation and the cytokine production of Th1, 

Th17, and Th22 cells [154]. In patients with CRC, however, there is a marked reduction in butyrate 

levels [155,156]. This reduction contributes to increased cell proliferation and decreased apoptosis, 

creating an environment that promotes cancer cell growth and tumor progression. Moreover, the 

lower levels of butyrate may impair the intestinal barrier, increase inflammation and promote 

dysbiosis, all of which are risk factors for CRC. The consumption of probiotics, such as Lactobacillus 

and Bifidobacterium, has been shown to increase the production of butyrate in the colon. Elevated 

butyrate concentrations help restore the balance between cell proliferation and apoptosis, promoting 

cancer cell death while inhibiting abnormal cell proliferation. Additionally, butyrate enhances the 

integrity of the intestinal barrier, reduces inflammation, and promotes the production of anti-

inflammatory cytokines like IL-10. Furthermore, increased butyrate production can help reduce the 

formation of harmful secondary bile acids, contributing to a more favorable gut environment that 

inhibits CRC progression [122,142,157]. 

Butyrate treatment stimulated autophagy in CRC cells through the activation of the LKB1-

AMPK pathway [158]. Dysregulation of autophagy may lead to impaired bacteria clearance and 

pathogens invasion and overall gut microbiota dysbiosis and exacerbated chronic inflammation that 

increases the risk of CRC [159]. Of relevance, in cancer cells there is a crucial interplay between the 

Wnt pathway and autophagy. Activation of the Wnt/β-Catenin-signaling pathway has been shown 

to inhibit autophagy while promoting CRC growth [160]. We have shown that butyrate influences 

the Wnt/β-Catenin pathway, a key player in the early stages of CRC development. By inducing 

autophagy as an alternative mechanism to the proteasomal degradation, which is ineffective in APC 

and β-Catenin mutated CRC, butyrate promotes the autophagic degradation of β-Catenin, and this 

results in reduced CRC cell proliferation and migration [161]. Probiotics could also affect TAMs 

polarization through modulation of autophagy [152] (Figure 3). 
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Figure 3. Role of SCFAs in the intestinal epithelium. SCFAs, particularly butyrate, exhibit anti-carcinogenic 

and immunomodulatory effects, protect against pathogen invasion through mucus production, maintain 

intestinal integrity, and act as modulators of gene expression (created with BioRender). 

Conclusions 

Autophagy plays a crucial role in maintaining cellular homeostasis through the turnover of 

damaged proteins and organelles [162,163]. Dysregulation of autophagy can influence the 

composition and function of the gut microbiota, contributing to CRC development [159,164]. This 

bidirectional relationship, in which autophagy impacts microbial balance and dysbiosis affects 

autophagic regulation, plays a significant role in the development of CRC. This relationship between 

genetic alterations, microbial dysbiosis, and autophagy represents the complex nature of CRC 

pathogenesis and could provide new therapeutic strategies targeting autophagy and microbiota to 

prevent or treat CRC. 

The gut microbiota plays a crucial role in maintaining intestinal homeostasis through numerous 

functions, including the breakdown of non-digestible dietary components, the renewal of epithelial 

cells, the maintenance of intestinal mucosal integrity, immune system modulation, and the secretion 

of antimicrobial substances. It also protects against infections by competing with pathogenic 

organisms for nutrients and receptors, while promoting overall health through the synthesis of 

vitamins, regulation of fat reserves, and energy storage [94,165]. However, gut microbiota is highly 

sensitive to environmental factors such as dietary macro- and micronutrients, infections, and lifestyle, 

which can lead to alterations in its composition and function, a condition known as dysbiosis. Gut 

dysbiosis is often associated with intestinal inflammation, which may evolve to IBD and CRC [166]. 

Specifically, changes in the abundance of beneficial bacteria or an overgrowth of pathogenic 

organisms such as Bacteroides, Prevotella, Proteobacteria, Eubacterium, Fusobacterium, Proteobacteria, 

Escherichia coli, Clostriudium, and Salmonella spp. can disrupt the balance of the microbiota, creating an 

environment that promotes inflammation and tumorigenesis [167]. 

In addition to the influence of gut microbiota, genetic factors also play a significant role in the 

development of CRC. Around 80% of CRCs are associated with mutations in the Wnt/β-Catenin 

signaling pathway [168], which is involved in key processes such as adult tissue renewal and 

homeostasis, hematopoietic stem cell maintenance, and regulation of cell proliferation, migration, 
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and differentiation [169]. Mutations in this pathway, notably in the APC and β-Catenin genes, lead to 

disruption of these regulatory mechanisms, resulting in uncontrolled tumor growth [27,170]. The 

APC mutation specifically initiates the formation of adenomas, or intestinal polyps, some of which 

progress to adenocarcinomas due to the accumulation of additional mutations, including those in 

KRAS, DCC, TP53, and SMAD4 [171]. These genetic mutations are observed in both hereditary and 

sporadic CRC cases [27] and interact with environmental factors, such as diet, lifestyle, and gut 

microbiota, thereby accelerating the development and progression of the disease [172]. 

The state of eubiosis, which refers to the balance between the host and its microbiota, is essential 

for proper gut function and overall health [173]. The most important metabolites released by the 

intestinal microbiota, which have a beneficial effect on human health, are SCFAs, including acetate, 

butyrate, and propionate. These metabolites are produced during the fermentation of non-digestible 

plant fibers in the diet [60]. Among them, butyrate is the most abundant and serves as the primary 

energy source for intestinal cells [149]. Butyrate has a wide range of beneficial effects on health. By 

interacting with its receptors, it modulates immune system activity, promotes the release of anti-

inflammatory cytokines, and exhibits various anti-tumor properties, including inducing autophagy 

and apoptosis and reducing the proliferation of neoplastic cells. Additionally, butyrate plays a crucial 

role in reducing oxidative stress and reinforcing the intestinal barrier, preserving gut integrity 

[174,175]. 

Probiotics are live microorganisms that when supplemented in equilibrate formulas provide 

beneficial effects to the host. They are primarily lactic acid bacteria from genera such as Lactobacillus, 

Streptococcus, Enterococcus, Lactococcus, Leuconostoc, Bifidobacterium, and Saccharomyces [176]. The 

therapeutic and preventive effects of probiotics are largely due to their ability to maintain a state of 

eubiosis, ensuring intestinal health [177]. Probiotics help maintain gut health by protecting the 

intestinal mucosa, reducing the release of carcinogenic and oxidative molecules, and modulating 

immune responses, inflammation, autophagy, apoptosis, and cell differentiation. They also compete 

with harmful bacteria for nutrients and space, producing antimicrobial substances that limit the 

proliferation of pathogenic microbes, thereby preventing dysbiosis [178,179]. Moreover, probiotics 

produce SCFAs, which are important for maintaining gut barrier integrity and regulating 

inflammatory processes, further supporting gut health [119]. 

By modulating key signaling pathways such as Wnt/β-Catenin and reshaping the TME, 

microbial metabolites offer a promising avenue for therapeutic intervention in CRC. Collectively, 

these insights pave the way for future translational research and therapeutic development aimed at 

introducing microbiota-derived metabolites for improved CRC management, offering new hope for 

more personalized and targeted treatments. The implementation of probiotics in CRC therapy is not 

only related to their ability to reduce the risk of CRC development and progression through the 

mechanisms described above, but also to their potential to synergize with while decreasing the side 

effects of current therapies [177]. Moreover, the supplementation of probiotics pre- and/or post-

surgery may improve prognosis, quality of life, and reduce the recurrence of CRC [135,180,181]. 

Taken together, in vitro and in vivo evidence demonstrated that probiotics could counteract the 

malignant phenotype of CRC cancer and support the employment of probiotic supplementation for 

CRC management. Bacterial strains improve the immune system and intestinal integrity, increase the 

antimicrobial defense, reduce the adverse effects related to chemotherapy treatment, the 

postoperative complications, as well as the symptoms associated with the gastrointestinal 

environment. In CRC patients, the adjuvant therapy with probiotics decreases the occurrence of 

septicemia, the incidence of postoperative infections and diarrhea, and the rate of postoperative 

antibiotic use. It is to be stressed that, despite the promising and encouraging results, not all 

probiotics showed positive health effects in CRC patients, emphasizing the need for further 

investigations to reveal the potential of probiotics for personalized CRC treatment. 
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