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The incidence of early-onset colorectal cancer (EO-CRC) has risen alarmingly, contrasting with 
the declining rates of colorectal cancer in older populations. Alterations in the gut microbiome 
have been implicated in the pathogenesis of this condition. The microbiome comprises a diverse 
community of microorganisms that inhabit the human body, primarily in the gastrointestinal 
tract, skin, and other mucosal surfaces. Over time, these microbial populations have developed 
a symbiotic relationship with their host, contributing to metabolism and immune regulation 
functions. Environmental factors, including diet, sedentary lifestyle, smoking, and alcohol 
consumption, influence the composition and function of the gut microbiome. These exposures 
can induce dysbiosis, which has been associated with an increased risk of EO-CRC. Evidence 
suggests that genetic ancestry or individual single-nucleotide polymorphisms have minimal 
influence on the gut microbiome. Instead, environmental exposures appear to be predominant 
in its shaping. Consequently, the pathogenesis of EO-CRC likely reflects a complex interplay 
between environmental exposures, lifestyle-related factors, and host susceptibility. This 
review aims to summarize the current evidence of the role of the gut microbiome in EO-CRC 
pathogenesis and will explore future perspectives in this rapidly evolving field.

La incidencia del cáncer colorrectal de aparición temprana (EO-CRC) ha aumentado de manera 
alarmante, en contraste con la disminución de las tasas de cáncer colorrectal en poblaciones de 
mayor edad. Las alteraciones del microbioma intestinal han sido implicadas en la patogénesis de 
esta entidad. El microbioma comprende una comunidad diversa de microorganismos que habitan 
el cuerpo humano, principalmente en el tracto gastrointestinal, la piel y otras superficies mucosas. 
A lo largo del tiempo, estas poblaciones microbianas han desarrollado una relación simbiótica con 
el huésped, contribuyendo a las funciones metabólicas y a la regulación del sistema inmunológico. 
Factores ambientales, incluidos la dieta, el sedentarismo, el tabaquismo y el consumo de 
alcohol, influyen en la composición y la función del microbioma intestinal. Estas exposiciones 
pueden inducir disbiosis, la cual se ha asociado con un mayor riesgo de EO-CRC. La evidencia 
sugiere que la ascendencia genética o los polimorfismos de un solo nucleótido individuales 
ejercen una influencia limitada sobre el microbioma intestinal. En cambio, las exposiciones 
ambientales parecen desempeñar un papel predominante en su configuración. En consecuencia, 
la patogénesis del EO-CRC probablemente refleja una interacción compleja entre exposiciones 
ambientales, factores relacionados con el estilo de vida y la susceptibilidad del huésped. Esta 
revisión tiene como objetivo resumir la evidencia actual sobre el papel del microbioma intestinal 
en la patogénesis del EO-CRC y explorar perspectivas futuras en este campo en rápida evolución.
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INTRODUCTION

Colorectal cancer (CRC) ranks as the third most common 
cancer worldwide, accounting for 9.6% of cases, and 
represents the second leading cause of cancer-related 
mortality (1). In recent decades, an alarming increase in 
the incidence of Early-Onset Colorectal Cancer (EO-CRC), 
defined as cases diagnosed in individuals younger than 
50 years old, has been observed globally, contrasting 
with the decreasing rate in Average-Onset Colorectal 
Cancer (AO-CRC). Moreover, projections estimate that, 
by 2030, 10% of all colon and 22% of all rectal cancers 
are expected to be diagnosed in patients younger than 50 
years old in the United States (2). Key clinicopathological 
and molecular differences between EO-CRC and AO-CRC 
are summarized in Table 1.

The gut microbiota comprises a complex and 
dynamic community of interacting bacteria, archaea, 
bacteriophages, eukaryotic viruses, and fungi that 
inhabit the intestinal tract. Most of these microorganisms 
establish commensal or mutualistic relationships with 
the host, contributing to homeostatic balance. The gut 
microbiome refers to the collective genetic content of 
these microbial communities (3). Factors such as dietary 

patterns, obesity, smoking, alcohol consumption, and 
exposure to environmental agents-including microplastics 
and pesticides-can disrupt gut microbiome homeostasis, 
promoting dysbiosis, see Figure 1. Alterations in the 
composition and function of the gut microbiome 
have been strongly associated with recent trends in 
gastrointestinal carcinogenesis (4). 

This narrative review summarizes the current evidence 
on the characteristics of the intestinal microbiome, its 
role in the pathogenesis of EO-CRC, and its interactions 
with treatment. Additionally, it discusses future research 
directions in this rapidly evolving field.

MATERIALS AND METHODS

A narrative review of the literature was performed 
using structured searches in the PubMed and Scopus 
databases. Articles published up to December 2025 
were identified through predefined combinations of the 
following keywords: “early-onset colorectal cancer”, “gut 
microbiome”, “dysbiosis”, and “environmental exposure”. 
Original research articles, systematic and narrative 
reviews, and relevant clinical guidelines published in 

Table 1. Comparison between Early-Onset and Average-Onset Colorectal Cancer

Category EO-CRC (<50 years) AO-CRC (≥50 years)

Epidemiological trend Rising incidence (2,4,11,15) Stable or declining incidence in regions with 
established screening programs (2,4)

Symptoms Prolonged symptom duration and delayed
diagnosis following symptom onset (2,11,15)

Frequently asymptomatic with
earlier detection (11)

Stage at diagnosis Higher proportion of advanced-stage
disease at diagnosis (2,11,15)

Lower proportion of advanced-stage
disease at diagnosis (2,11)

Histopathology Higher frequency of poorly differentiated,
mucinous, and signet ring histology (2,11,15)

Lower frequency of high-grade or adverse 
histologic features (11)

Tumor location Predominantly left-sided and rectal tumors (2,11,15) More heterogeneous distribution,
with increased right-sided tumors (11)

Genomic alterations
Higher prevalence of germline pathogenic variants 
(especially Lynch syndrome); MSI enriched in very 

young patients; distinct epigenetic and
WNT-pathway alterations reported (11,15)

Higher prevalence of somatic APC, KRAS,
and BRAF mutations (11)

Microbiome enrichment 
taxa (tissue, 16S rRNA) Akkermansia and Bacteroides (49)

Bacillus, Staphylococcus, Listeria, Enterococcus, 
Pseudomonas, Fusobacterium, and Escherichia/

Shigella (49)

Microbiome enrichment 
taxa (stool DNA)

Flavonifractor plauti, Vibrio qinghaiensis, Bacteroides 
vulgatus, Bacteroides cellulosilyticus, Parabacteroides 

sp., Odoribacter splanchnicus (50)
Fusobacterium nucleatum

Bacteroides caccae(50)
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English were included. Studies were chosen based on 
their scientific quality, relevance to the topic, and their 
contribution to the current understanding of biological 
mechanisms and clinical implications.

Definition and function of the microbiome

The gut microbiome comprises the collective genomes 
of the microbial inhabitants of the intestine and exerts 
essential functions in the host, including immune 
maturation, nutrient metabolism, regulation of gut 
endocrine signaling, modulation of neuroimmune 
communication, drug biotransformation, detoxification, 
and the production of bioactive metabolites that 
influence host physiology. Its composition and functional 
characteristics are shaped during life by multiple factors, 
including mode of delivery at birth, breastfeeding, early-
life feeding practices, lifestyle, diet, medication exposure 
(antibiotics), and host genetic background (3).  

Interactions with the host’s immune system 

The intestinal immune system controls bacterial exposure to 
host tissues, thereby lessening the potential for pathologic 

outcomes through stratification and compartmentalization 
mechanisms. Stratification reduces direct contact between 
bacteria and the epithelial surface through a mucus layer 
secreted by goblet cells and IgA. Intestinal dendritic cells, 
a type of antigen-presenting cell, interact with B and T 
lymphocytes in Peyer’s patches, thereby inducing the 
production of specific IgA. Intestinal compartmentalization 
restricts pathogenic bacteria to defined mucosal niches, 
thereby limiting systemic dissemination (5). Other immune 
cell populations, such as Group 3 innate lymphoid cells, 
play a key role in maintaining intestinal homeostasis and 
influencing disease processes by producing important 
cytokines-especially IL-22 and IL-17-which are crucial for 
strengthening epithelial barrier integrity and preventing 
bacterial translocation (6). Other endogenous factors, like 
alpha-defensins secreted by Paneth cells, also shape the 
microbial community and support gut homeostasis (7). 
Additionally, the gut microbiome is vital for immune 
system development, particularly in the differentiation 
and activation of T-cell subsets, including TH1, TH2, TH17, 
and regulatory T-cells (8).

Early-life obesity

Pesticide exposure

Smoking

Unhealthy
dietary habits

GUT
Microbiome

Dysbiosis

Alcohol intake

Microplastic intake

Antibiotic exposure

Red meat

Processed meat

Low fiber

Deep fried foods

Figure 1. Environmental and lifestyle determinants of gut microbiome dysbiosis.

This figure illustrates key environmental and lifestyle exposures associated with gut microbiome dysbiosis. Early-life obesity, smoking, alcohol intake, 
unhealthy dietary habits (including high consumption of red and processed meats, low fiber intake, and deep-fried foods), antibiotic use, pesticide 
exposure, and microplastics contribute to sustained alterations in microbial composition and function. 
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Influence of environmental and lifestyle factors

A universally present core set of microbial taxa in 
healthy individuals has not been definitively identified, 
as there is a high degree of individual variability in the 
species observed. Therefore, characterizing a healthy 
microbiome as an ideal set of specific microbes is not 
a practical definition. Instead, the current hypothesis 
focuses on a functionally healthy core. From an ecological 
perspective, the stability of the microbiome, defined as 
its capacity to resist changes or return to an equilibrium 
state following stress, should be considered a hallmark 
of a healthy microbiome (9). The metabolic functions 
of the gut microbiome include the degradation of 
glycosaminoglycans, the production of short-chain fatty 
acids (SCFAs), the synthesis of specific lipopolysaccharides 
(LPS), and the biosynthesis of some essential amino acids 
and vitamins (3).

The environment plays a much more significant role 
than host genetics in shaping the human gut microbiome, 
with overall microbiome heritability estimated to range 
from 1.9% to 8.1% (10). On the other hand, the exposome 
concept explores cumulative lifetime exposures as 
contributors to EO-CRC risk. Notably, younger cohorts 
exhibit higher CRC risks than previous generations at 
equivalent ages, likely due to cumulative exposures that 
disrupt microbial homeostasis (11).

Early-life obesity has been directly linked to an 
increased risk of EO-CRC (12). In a study conducted on 
85,256 women, obesity-defined as a body mass index 
(BMI) of 30 or greater-was associated with a 93% 
increased risk of EO-CRC compared to women with a 
BMI of 18.5-22.9 (13). Obesity alters the composition 
of the gut microbiome, increasing the abundance of 
lipopolysaccharide endotoxin-producing gram-negative 
bacteria, resulting in the disruption of the mucosal barrier 
and low-grade chronic inflammation (14).

Dietary patterns have a profound impact on the 
composition and function of the gut microbiome. A 
Western diet, characterized by a high intake of red and 
processed meats and insufficient fiber, disrupts microbial 
balance, driving inflammation and processes linked to 
carcinogenesis (15). Moreover, the Western deep-frying 
cooking style increases the formation of pro-inflammatory 
and pro-carcinogenic advanced glycation end products 
(AGEs), which can contribute to dysbiosis and further 
exacerbate the unhealthy nature of this diet (16).

In the same line, antibiotics use disrupt microbial 
colonization, reduce diversity, and delay the 
establishment of commensal bacteria during early life (17). 
Rasmussen et al. (18) identified an association between 
antibiotic exposure and childhood overweight and 

obesity in a systematic review and meta-analysis. Lu et 
al. (19) found a robust association between antibiotic use 
and a higher risk of proximal colon cancer in a population-
based study that covered the entire population of 
Sweden. The impact of antibiotics on CRC development 
is complex and context dependent. Hattori et al. (20) 
reported that antibiotics might suppress tumorigenesis 
by modulating inflammation-associated gut microbiome 
and preventing aberrant DNA methylation. Furthermore, 
Hamoya et al. (21) found that erythromycin reduced 
intestinal polyp formation in murine models by 
attenuating local inflammation, suggesting its potential 
as a chemopreventive agent. Contradictory data indicate 
that this field still requires extensive research to clarify 
the actual role of antibiotics in the genesis of EO-CRC.

Other substances have been implicated in gut 
microbiome dysbiosis, which may increase the risk of 
EO-CRC. Low-level chronic dietary pesticide exposure has 
been shown to impact the gut microbiome (22), and it is 
associated with an increased risk of CRC in populations 
with high pesticide exposure (23). In contrast, the link 
between microplastics and CRC remains less well-
established. Bisphenol A (BPA), an industrial chemical 
used in the production of polycarbonate plastics and 
epoxy resins, has been found to significantly alter the 
composition of gut microbiome in various organisms (24), 
suggesting that BPA may contribute to an increased risk 
of carcinogenesis (25).

Microbiome and carcinogenesis: mechanisms, 
pathogenic interactions, and theoretical models 

The proposed mechanisms linking the microbiome 
to cancer development include genomic integration, 
genotoxicity, inflammation, and regulation of the immune 
and metabolic systems (26) (Figure 2). A well-established 
example of genomic integration is seen in high-risk human 
papillomavirus serotypes, where E6 and E7 oncogenes 
play a pivotal role in cervical cancer development by 
integrating viral DNA into the host genome (27). Although 
genomic integration is a well-established oncogenic 
mechanism, current evidence does not support a 
major role for direct microbial genomic integration in 
EO-CRC. Genotoxicity is another critical mechanism. 
Cytolethal distending toxin (CTD) is a genotoxin produced 
by Escherichia coli and Campylobacter jejuni, which 
generates DNA damage through its DNase activity. Other 
genotoxic effects include the production of reactive 
oxygen species by Porphyromonas sp. and the generation 
of hydrogen sulfide by Bilophila and Fusobacterium, all of 
which are associated with CRC (28). 

Mechanisms of immune evasion have been identified 
in Fusobacterium nucleatum, which expresses the 
Fap2 surface protein that interacts with T lymphocytes 
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and NK cells, effectively inhibiting their antitumor 
cytotoxicity by binding to the human inhibitory 
receptor TIGIT (29). Microbial virulence factors induce 
chronic inflammation of host tissue, stimulating cellular 
proliferation, failure of apoptosis, and resulting in a 
malignant phenotype. Activation of the nuclear factor-
κB and WNT/β-Catenin pathways are activated by F. 
nucleatum and enterotoxigenic Bacteroides fragilis (30). 
Bacterial metabolic products have been identified as 
key contributors to the development of cancer. For 
example, the metabolism of bile acids and proteins can 
generate aromatic amines and hydrogen sulfide, both 
of which create a pro-carcinogenic environment. Other 
microbiome-derived metabolites, such as acetaldehyde, 
further promote carcinogenesis by inducing DNA damage 
and genomic instability (31).

Human studies have shown that the CRC microbiome 
exhibits reduced diversity and an altered microbial 
composition, including a lower relative abundance 
of potentially protective species, such as butyrate-
producing Roseburia, and an increased presence of taxa 
associated with procarcinogenic properties, including 
Fusobacterium, Bacteroides, Campylobacter, Escherichia, 

and Porphyromonas (26). Evidence suggests that the 
development of CRC by these microorganisms depends 
on the formation of biofilms. These gut microbial 
biofilms develop within the inner colonic mucus layer 
and comprise polymicrobial communities. Their presence 
disrupts E-cadherin redistribution in colonic epithelial 
cells, increases gut permeability, and compromises the 
intestinal barrier, all of which contribute to intestinal 
dysbiosis and promote carcinogenesis (32).

The alpha-bug hypothesis suggests that certain 
microorganisms possess specific oncogenic virulence 
factors and can modulate the microbiome profile toward 
a more pro-oncogenic composition. Among the leading 
alpha-bug candidates is enterotoxigenic Bacteroides 
fragilis, which induces direct mucosal damage in the 
colon through toxin production while disrupting immune 
response mechanisms (33). This theory was later refined 
into the driver-passenger model, which proposes that 
specific driver bacteria initiate DNA damage, promoting 
oncogenesis and creating a favorable environment for 
opportunistic passenger microorganisms, eventually 
replacing the driver species (34). Over time, these driver 
bacteria are gradually replaced by passenger bacteria, 

Figure 2. Role of the human microbiome in carcinogenesis.

This schematic summarizes the major biological mechanisms through which the human microbiome contributes to carcinogenesis. Microbial 
alterations can induce chronic inflammation of host tissues, promote immune dysregulation, generate genotoxic compounds, disrupt host metabolic 
pathways, and, in selected contexts, facilitate microbial genome integration into host cells. 
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which hold a competitive advantage within the evolving 
tumor microenvironment. These passenger bacteria 
include tumor-foraging opportunistic pathogens (such as
Fusobacterium or Streptococcus spp.), commensal or 
probiotic bacteria (e.g., members of the Coriobacteriaceae 
family), or other microbial species that thrive within the 
tumor niche (34). Scott et al. (26) introduced a comprehensive 
framework for modeling the role of gut microbiome in 
cancer development based on the interactome concept. 
This model views carcinogenesis as the result of complex, 
multidirectional interactions among the microbiome, 
environmental factors, and a genetically or epigenetically 
susceptible host.

Microbiome influence on cancer therapy and 
future areas of investigation

A key aspect in oncology is the influence of the gut 
microbiome on treatment response. With millions of 
protein-coding genes, gut microbiome can process 
ingested nutrients and modify drug pharmacokinetics. 
Pharmacomicrobiomics has been proposed to explain 
unresolved pharmacogenomic responses, particularly 
the interaction between the microbiome and the efficacy 
of chemotherapy, radiotherapy, targeted therapy, and 
immune checkpoint inhibitors (ICI) (35). An example of 
microbiome-driven drug metabolism alteration occurs 
with irinotecan, a widely used chemotherapy for 
advanced colorectal cancer. Bacterial β-glucuronidase, 
expressed by Clostridium clusters XIVa and IV (Clostridium, 
Eubacterium, and Ruminococcus), reactivates SN-38G-a 
detoxified metabolite processed by hepatic uridine 
diphosphate-glucuronosyltransferase (UGT)-back into its 
active form, 7-ethyl-10-hydroxycamptothecin (SN - 38), 
within the intestinal mucosa. This reactivation markedly 
increases irinotecan toxicity and the incidence of 
chemotherapy-induced diarrhea (36). F. nucleatum also 
promotes chemoresistance to oxaliplatin and 5-FU by 
inactivating the TLR-4/MYD88-dependent pathway. This 
inhibition suppresses microRNA activity, shifting CRC cells 
from apoptosis to autophagy (37).

Studies have demonstrated that the efficacy of 
immunotherapy is significantly influenced by the 
composition and function of the gut microbiome (38). 
Anti-CTLA-4 monoclonal antibodies have been shown 
to promote the growth of specific bacterial species in 
the intestinal mucosa, including Bacteroides fragilis, 
Bacteroides thetaiotaomicron, and Burkholderia cepacia. 
These bacteria produce polysaccharides that stimulate 
CD11b⁺ dendritic cells in the lamina propria, enhancing 
the IL-12-dependent Th1 immune response in tumor-
draining lymph nodes (39). B. breve and B. longum activate 
dendritic cells for CD8+ T-cell priming and infiltration in 
the tumor microenvironment, thereby enhancing the 
immunotherapeutic effect of anti-PD-1/PD-L1 (40). B. bifidum 

was found to upregulate IL-10Ra and IL-10 expression 
in intestinal Treg cells, thereby strengthening their 
immunosuppressive function and mitigating the immune-
related side effects of CTLA-4 blockade in the gut (41).

Probiotic supplementation, primarily with Lactobacillus 
and Bifidobacterium, has been explored to modulate 
gut microbiota. Meta-analyses of randomized trials in 
colorectal cancer patients demonstrate that probiotics 
likely decrease the risk and duration of chemotherapy-
related diarrhea and alleviate other gastrointestinal 
symptoms; however, further large-scale studies are 
needed to refine clinical recommendations and address 
evidence gaps (42,43). Similarly, in studies on prebiotics, 
dietary fiber intake, particularly involving fructans and 
galacto-oligosaccharides, leads to higher fecal abundance 
of Bifidobacterium and Lactobacillus spp. but does not 
affect α-diversity (44). 

Fecal microbiota transplantation (FMT) involves 
transferring a complete fecal microbial community from 
a healthy donor to a recipient, including bacteria, viruses, 
fungi, and metabolites (45). Wang et al. (46) reported the 
first use of FMT to treat ICI-induced colitis, demonstrating 
clinical improvement in corticosteroid-refractory 
patients, coinciding with an enrichment of beneficial 
Bifidobacterium species. Furthermore, evidence suggests 
that FMT likely enhances the objective response to ICIs in 
patients with refractory melanoma (47).  

Metagenomic profiling, 16S rRNA gene sequencing, 
and liquid chromatography-tandem mass spectrometry 
have provided invaluable insights into the study of the 
gut microbiome associated with CRC. Metagenomic 
datasets from gut microbiome research encompass over 
22 million non-redundant genes (48). A 16S rRNA amplicon 
sequencing analysis of 276 fresh-frozen tissue specimens 
revealed an enrichment of the genera Akkermansia and 
Bacteroides in EO-CRC. In contrast, AO-CRC showed 
a higher abundance of Bacillus, Staphylococcus, and 
Listeria. Alpha diversity was consistently lower in AO-
CRC, suggesting a decline in microbial richness with 
aging and tumor progression (49). Similarly, metagenomic 
and metabolomic analyses of 441 individuals by Kong et 
al. (50) reported reduced α-diversity as a standard feature. 
AO-CRC was characterized by Fusobacterium nucleatum 
enrichment, SCFA depletion, reduced microbial 
GABA biosynthesis, and a metabolic shift in acetate/
acetaldehyde pathways toward acetyl-CoA production. In 
EO-CRC, Flavonifractor plauti, a species associated with 
red meat intake and choline metabolism, as well as the 
KEGG orthology genes pldB and cbh, were identified as 
potential tumor stimulators.

EO-CRC represents a growing global health 
challenge, with its increasing incidence strongly linked 
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to environmental and lifestyle factors that disrupt 
the gut microbiome, leading to dysbiosis. Advances 
in metagenomic and metabolomic technologies have 
revolutionized the study of the EO-CRC-associated 
microbiome, positioning it as a potential cornerstone 
for future research. Multiomics-based investigations 
are crucial for uncovering the associations between gut 
microbiome-derived omics signatures and the risk of EO-
CRC. These efforts should focus on driving the clinical 
transformation of microbiome-derived strategies to 
develop precise screening, diagnostic, and therapeutic 
approaches, addressing the needs of this increasingly 
affected population.

Take-Home Messages

•	 The rising incidence of EO-CRC contrasts with declining 
trends in AO-CRC population, underscoring the need 
to understand age-specific pathogenic mechanisms.

•	 Environmental and lifestyle factors appear to play 
a predominant role in shaping the gut microbiome, 
potentially contributing to dysbiosis associated with 
the increased risk of EO-CRC.

•	 The gut microbiome influences EO-CRC carcinogenesis 
through multiple mechanisms, including genotoxicity, 
chronic inflammation, immune modulation, metabolic 
reprogramming, and microbial-host interactions.

•	 Distinct microbial and metabolic signatures have 
been identified in EO-CRC compared with AO-CRC, 
suggesting possible age-specific biological pathways.

•	 The gut microbiome also modulates cancer therapy 
response, affecting chemotherapy toxicity and 
immunotherapy efficacy, highlighting its translational 
relevance.

•	 Multi-omics approaches integrating metagenomics, 
metabolomics, and host factors are essential to 
advance precision prevention, early detection, and 
microbiome-targeted therapeutic strategies in EO-CRC.
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