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Abstract 

The gut microbiota has emerged as a critical immune-metabolic interface, orchestrating a complex 
network of interactions that extend well beyond digestion. This highly diverse community of 
bacteria, viruses, archaea, and eukaryotic microbes modulates host immunometabolism, metabolic 
reprogramming, and systemic inflammatory responses, thereby shaping human health and disease 
trajectories. Dysbiosis, or disruption of microbial homeostasis, has been implicated in inflammatory 
bowel disease, cardiometabolic disorders, neurodegeneration, dermatological conditions, and 
tumorigenesis. Through the biosynthesis of short-chain fatty acids (SCFAs), bile acid derivatives, 
tryptophan metabolites, and microbial-derived indoles, the gut microbiota regulates epigenetic 
programming, barrier integrity, and host–microbe cross-talk, thereby influencing disease onset and 
progression. In oncology, specific microbial taxa and oncomicrobiotics (cancer-modulating microbes) 
are increasingly recognized as key determinants of immune checkpoint inhibitor (ICI) 
responsiveness, chemotherapeutic efficacy, and resistance mechanisms. Microbiota-targeted 
strategies such as fecal microbiota transplantation (FMT), precision probiotics, prebiotics, synbiotics, 
and engineered microbial consortia are being explored to recalibrate microbial networks and enhance 
therapeutic outcomes. At the systems level, the integration of multi-omics platforms (metagenomics, 
metabolomics, transcriptomics, and proteomics) combined with network analysis and machine 
learning-based predictive modeling is advancing personalized medicine by linking microbial 
signatures to clinical phenotypes. Despite remarkable progress, challenges remain, including the 
standardization of microbiome therapeutics, longitudinal monitoring of host–microbe interactions, 
and the establishment of robust ethical and regulatory frameworks for clinical translation. Future 
directions should prioritize understanding the causal mechanisms of microbial metabolites in 
immunometabolic regulation, exploring microbial niche engineering, and developing precision 
microbiome editing technologies (CRISPR, synthetic biology). 

Keywords: gut microbiome; microbiota; gut flora; dietary fiber; symbiosis; dysbiosis; tumor 
microenvironment (TME); fecal microbiota transplantation (FMT); microbiome-driven therapeutics 
(MDT); probiotics; microbial metabolite; short-chain fatty acids (SCFAs) 
 

1. Introduction 

1.1. Overview of Gut Microbiota and Microecology 

The human gut microbiota is a vast and complex ecosystem composed of trillions of 
microorganisms, including bacteria, archaea, fungi, viruses, and protozoa, residing primarily in the 
gastrointestinal tract (Hugon et al., 2017). These microbes interact intricately with both the host and 
each other, forming a dynamic network that influences numerous physiological functions, such as 
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digestion, immune modulation, metabolic processes, and neurological functions (Lushchak V. I., 
2025). Due to its extensive influence on health and disease, the gut microbiota is often referred to as 
a "forgotten organ (Jandhyala et al., 2015)." 

Microecology, a subfield of microbial ecology, focuses on understanding the interactions among 
microorganisms within specific microenvironments such as the human gut. It examines how 
microbial populations coexist, compete, and cooperate within their habitat (Virgo et al., 2025). In the 
gut, micro ecological studies provide insights into microbial colonization patterns, niche 
differentiation, symbiotic relationships, and the effects of external influences such as diet, antibiotics, 
and environmental changes (Moran et al., 2019). 

1.2. Microbial Diversity and Composition of Gut Microbiota 

1.2.1. Diversity and Complexity 

The gut microbiome represents one of the most diverse microbial ecosystems in the human body, 
composed of bacteria, fungi, viruses, and protozoa. This ecosystem encompasses thousands of 
bacterial species, viruses, archaea, and eukaryotic microorganisms and plays a fundamental role in 
maintaining host physiology and health (Matijasic et al., 2020). The bacterial component is 
predominantly made up of the phyla Firmicutes and Bacteroidetes, although species-level composition 
shows considerable variability between individuals. The colon is a particular microbial hotspot, 
harboring up to 10¹² cells per gram of intestinal content. The gut microbiome encompasses over 1,000 
bacterial species across approximately 50 bacterial phyla, though most belong to a few dominant 
phyla including Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria (Deering et al., 2019). 

1.2.2. Composition and Variability 

The gut microbiota is primarily dominated by two bacterial phyla: Bacteroidetes and Firmicutes, 
together accounting for more than 90% of the total microbial population. Additional phyla such as 
Actinobacteria, Fusobacteria, Proteobacteria, Verrucomicrobia, and Cyanobacteria also contribute to gut 
ecology (Kovatcheva-Datchary et al., 2013). The collective genetic material of gut microbes—referred 
to as the gut microbiome—is estimated to be 150 times larger than the human genome, underscoring 
the extensive metabolic and functional potential of these organisms. Despite the dominance of 
specific phyla, the overall composition varies significantly between individuals, particularly at the 
genus and species levels (Khalil et al., 2024). 
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Figure 1. Complex interactions between bacterial, viral, and eukaryotic components of the gut microbiota 
regulate immune responses, metabolic pathways, and susceptibility to disease. [(Clemente et al., 2012) Cell]. 

Key determinants of gut microbiota composition include: 

• Diet: Nutrient intake influences microbial diversity; fiber-rich diets promote beneficial bacteria, 
while high-fat or processed diets encourage the growth of potentially pathogenic species. 

• Age: The microbiome undergoes dynamic shifts across the human lifespan, from infancy to old 
age. 

• Antibiotic Use: Antibiotics can profoundly disrupt microbial balance, decreasing diversity and 
promoting dysbiosis. 

• Environmental Exposures: Factors such as geography, hygiene, lifestyle, and contact with 
animals impact microbial acquisition and composition. 

These variables contribute to the uniqueness of each individual's gut microbiome and highlight 
the need for personalized approaches in microbiome research and clinical applications.   

1.3. Aims and Significance of Microbiome Research 

Microbiome research aims to unravel the complex interactions between gut microbes and 
human health, disease mechanisms, and therapeutic responses. Major objectives include (Olteanu et 
al. 2024): 

• Understanding Disease Mechanisms: Investigating how microbial communities influence the 
onset and progression of diseases. 

• Developing Therapeutic Strategies: Exploring the potential of probiotics, prebiotics, fecal 
microbiota transplantation (FMT), and microbial-based drug formulations for gut microbiota 
modulation (Jaswal et al., 2025). 
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• Advancing Precision Medicine: Integrating microbiome profiles with metagenomics and multi-
omics technologies to develop personalized healthcare strategies. 

• Identifying Research Gaps: Synthesizing current knowledge to illuminate areas requiring 
further investigation and innovation. 

• Enhancing Cancer Treatment: Studying how the gut microbiota affects the tumor 
microenvironment and modulates the efficacy of immunotherapy and chemotherapy. 

The integration of microbiome insights into medical practice has the potential to transform 
personalized medicine by tailoring treatments to an individual’s unique microbiome profile. 

2. Composition and Function of the Gut Microbiota 

2.1. Significant Microbial Phyla 

The human gut microbiota is predominantly composed of two major bacterial phyla: Firmicutes 
and Bacteroidetes, which together constitute over 90% of the gut microbial population (Jandhyala et 
al., 2015). Other phyla, including Actinobacteria, Proteobacteria, Fusobacteria, Verrucomicrobia, and 
Cyanobacteria, also play critical roles in the structure and function of the gut ecosystem. The relative 
abundance of these groups varies among individuals and across different segments of the 
gastrointestinal tract (Ahlawat et al., 2021). 

2.2. Functions of the Gut Microbiota 

2.2.1. Nutrient Metabolism and SCFA Production 

The gut microbiota plays a central role in the metabolism of complex carbohydrates and dietary 
fibers that are otherwise indigestible by human enzymes. Microbial fermentation of these substrates 
yields short-chain fatty acids (SCFAs) such as acetate (Table 1), propionate, and butyrate (Portincasa 
et al., 2022). These SCFAs serve as primary energy sources for colonocytes, contribute to maintaining 
colonic pH, and exhibit anti-inflammatory and immunomodulatory properties. 
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Figure 2. Developmental Trajectories of the Gut Microbiota During the First Three Years of Life. [(Derrien et al., 
2019) Trends in microbiology]. 

2.2.2. Immune System Modulation 

The gut microbiota is crucial in developing and regulating the host immune system. It supports 
immune tolerance, educates immune cells to distinguish between pathogens and commensals, and 
influences both innate and adaptive immune responses (Yoo et al., 2020). Gut microbes promote the 
maturation of immune components such as dendritic cells, macrophages, T-helper cells, and 
regulatory T cells (Tregs), often via the activation of Toll-like receptor (TLR) signaling (Zhang et al., 
2023). 

2.2.3. Protection Against Pathogens 
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The gut microbiota acts as a powerful safeguard against invading pathogens by maintaining a 
dynamic balance within the intestinal environment. Rather than allowing harmful microbes to freely 
colonize, resident bacteria establish colonization resistance—a process in which they occupy ecological 
niches (Figure 2), consume available nutrients (Caballero-Flores et al., 2023), and adhere to mucosal 
surfaces, leaving little opportunity for pathogens to gain a foothold. 

This protection extends beyond simple competition. Commensal microbes actively reinforce the 
intestinal barrier by stimulating mucus production and tightening epithelial junctions, thereby 
reducing the risk of pathogen entry into deeper tissues. They also trigger the release of antimicrobial 
compounds (Rose et al., 2025), such as bacteriocins and defensins, that directly suppress or kill 
harmful organisms. 

2.2.4. Gut–Organ Communication Axes 

The influence of the gut microbiota extends well beyond the intestinal tract, shaping the 
physiology and health of multiple organ systems through highly integrated communication 
networks (Shang et at., 2024). These connections, often referred to as gut–organ axes, highlight the 
systemic role of microbial communities in maintaining homeostasis and influencing disease 
outcomes (Schroeder & Bäckhed, 2016). 

• Gut–Brain Axis:  
The gut–brain axis represents a complex, bidirectional communication system that operates through 
neural, hormonal, metabolic, and immune pathways. Gut microbes synthesize a variety of 
neuroactive compounds, including serotonin, dopamine precursors, γ-aminobutyric acid (GABA), 
and short-chain fatty acids (Dicks L. M., 2022), all of which influence gastrointestinal motility, stress 
response, mood regulation, and cognitive processes. Disruptions in this axis have been linked to 
neuropsychiatric and neurodegenerative disorders. For example, alterations in microbial 
composition have been associated with heightened risk of Parkinson’s disease and Alzheimer’s 
disease, where gut-derived signals may influence neuroinflammation and protein aggregation in the 
brain (Giau et al., 2018). 
 

• Gut–Liver Axis:  
The liver and gut are intimately connected, as nearly 70% of hepatic blood flow is supplied directly 
from the gut via the portal vein. This anatomical relationship exposes the liver to microbial 
metabolites and components such as lipopolysaccharides (LPS), peptidoglycans, and bile acids. The 
gut microbiota plays a critical role in bile acid metabolism (Figure 2), which in turn modulates 
immune cell function in the liver, particularly natural killer T (NKT) cells (Scarpellini et al., 2020). 
Interestingly, primary bile acids can support protective immune activity and even suppress tumor 
growth by enhancing NKT responses, while secondary bile acids, produced by microbial 
transformation, may contribute to chronic inflammation and carcinogenesis. This delicate balance 
illustrates how gut–liver interactions can determine outcomes ranging from metabolic homeostasis 
to liver disease progression (Song et al., 2024). 
 

• Gut–Skin Axis:  
The relationship between the gut microbiota and skin health has gained increasing attention, 
especially in the context of chronic inflammatory skin conditions. Dysbiosis in the gut can lead to 
systemic immune dysregulation (|Figure 1), increased intestinal permeability, and circulation of pro-
inflammatory metabolites that affect skin physiology (Munteanu et al., 2025). Conditions such as 
psoriasis, rosacea, and atopic dermatitis have all been linked to gut microbial imbalances. Likewise, 
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gut-derived metabolites, including short-chain fatty acids, can influence skin barrier integrity, 
hydration, and immune responses, underscoring the systemic nature of microbial communication. 
These insights highlight that maintaining gut microbial balance is not only essential for internal organ 
function but also for visible markers of health such as skin integrity and appearance (Khan et al., 
2024). 

2.2.5. Gut Barrier Integrity 

The intestinal barrier serves as a critical line of defense, separating the external environment 
within the gut lumen from the body’s internal systems (Table 1). A healthy gut microbiota plays a 
pivotal role in preserving the integrity of this barrier through multiple complementary mechanisms 
(Di Vincenzo et al., 2024). One key function is the regulation of tight junction proteins, which seal the 
spaces between epithelial cells and prevent unwanted leakage of microbes and toxins. Beneficial 
bacteria also stimulate the production of mucus by goblet cells, creating a physical and biochemical 
shield that limits direct microbial contact with the intestinal epithelium (Alonso-Cotoner et al., 2021). 

Beyond structural reinforcement, the gut microbiota actively modulates the host’s immune 
system to maintain a state of controlled tolerance. By regulating inflammatory signaling, commensal 
microbes help avoid excessive immune activation that could otherwise damage the barrier. In 
addition, microbial metabolites—particularly short-chain fatty acids such as butyrate—serve as 
energy sources for intestinal epithelial cells and further promote barrier repair and resilience 
(Caballero-Flores et al., 2023). 

2.3. The Role of Gut Microbiota in Human Health 

2.3.1. The Microbiota as a Central Regulator of Host Physiology 

This is regularly referred to as the “second genome” or even the “forgotten organ”, the gut 
microbiota plays an indispensable role in regulating host physiology, metabolism, and immunity. 
This dense and diverse microbial ecosystem co-evolves with its host, creating a symbiotic relationship 
that underpins many aspects of human health. A balanced microbiota supports mucosal barrier 
integrity, fine-tunes inflammatory responses, and sustains metabolic homeostasis (Zaidi et al., 2023). 
In contrast, disruption of this delicate balance—known as dysbiosis—has been strongly linked to the 
onset and progression of a wide range of disorders, including obesity, diabetes, inflammatory bowel 
disease, neurodegenerative conditions, and even certain cancers. 

2.3.2. Key Functional Contributions 

• I. Nutrient Absorption and Metabolism: Gut microbes facilitate the breakdown of dietary fibers 
and complex carbohydrates, leading to SCFA production, which fuels colonocytes, modulates 
immune signaling, and contributes to anti-inflammatory processes (Fernández et al., 2016). 

• II. Immune System Modulation: The gut microbiota plays a critical role in educating and 
shaping the host immune system. It stimulates the secretion of protective mucins and 
antimicrobial peptides, while also fostering immune tolerance to harmless antigens. Through 
interactions with macrophages, dendritic cells, and regulatory T cells (Tregs), commensal 
microbes ensure a balanced immune response that is effective against pathogens but restrained 
enough to prevent excessive inflammation or autoimmunity (Fan et al., 2024). This 
immunomodulatory role is central to preventing conditions such as allergies, autoimmune 
diseases, and chronic inflammatory disorders. 
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• III. Barrier Integrity and Pathogen Defense: Commensal microbes maintain the gut mucosal 
barrier and inhibit pathogenic overgrowth by producing antimicrobial peptides and modifying 
the intestinal environment (Baindara & Mandal, 2023). 

• IV. Xenobiotic and Drug Metabolism: Gut microbes also influence the fate of therapeutic drugs 
and xenobiotics. Microbial enzymes can activate, deactivate, or even toxify pharmaceutical 
compounds, thereby altering their bioavailability and efficacy. For example, certain bacteria 
metabolize digoxin, reducing its therapeutic effect (Pant et al., 2023), while others enhance the 
activity of specific chemotherapeutic agents. 

2.4. Importance of Gut Microbiota Balance 

A well-balanced gut microbiome is essential for sustaining physiological functions and resisting 
disease. The dynamic equilibrium between beneficial and potentially harmful microbes regulates 
immune competence, metabolic activity, and intestinal barrier function. Many factors contribute to 
dysbiosis, including poor diet, antibiotic use, gastrointestinal infections, surgical interventions, 
chronic inflammation, and sedentary lifestyle (Jena et al., 2025). Correcting microbial imbalances 
through targeted strategies can restore gut homeostasis and improve overall health. 

Table 1. Immune–Metabolic Roles of Gut Microbiota in Disease Modulation. 

Microbial Factor/ 
Species 

Immune-Metabolic Function Disease Context / Effect Reference 

Faecalibacterium 
prausnitzii 

Produces butyrate and anti-
inflammatory metabolites; 

induces IL-10 and Treg cells; 
suppresses NF-κB signaling 

Mitigates colitis inflammation 
and enhances gut barrier 

integrity 

(Garabatos et al., 2025; Bastida et al., 
2023). 

F. prausnitzii (live 
strain) 

Reduces expression of pro-
inflammatory cytokines (IFN-γ, 
TNF-α, IL-6, IL-12); inhibits IL-

8 via NF-κB 

Reduces severity in IBD 
models, stabilizes gut 

homeostasis 
(Olteanu et al. 2024). 

Butyrate (SCFA) 

Inhibits histone deacetylases 
(HDACs); downregulates NF-
κB and TNF expression in 

immune cells 

Reduces intestinal and systemic 
inflammation 

(Portincasa et al., 2022). 

Akkermansia 
muciniphila 

Supports mucosal integrity; 
modulates metabolic 

inflammation 

Linked to improved obesity 
and metabolic health outcomes 

(Wang et al., 2024; Jiang & Zhang, 
2024). 

SCFAs & 
metabolites 

Signal through GPCRs; support 
gut barrier, immune balance, 

and systemic metabolism 

Protective in asthma, IBD, and 
colon inflammation 

(Munteanu & Schwartz, 2024). 

Bacteroides species 
(e.g., B. uniformis) 

Ferment carbohydrates into 
acetate/propionate; regulate gut 

microenvironment and 
metabolism 

Potential obesity alleviation 
and immune modulation 

Jyoti & Dey, 2025). 

Dysbiosis (Microbial 
Imbalance) 

Loss of beneficial organisms, 
overgrowth of pathobionts, 
reduced diversity (Figure 2) 

Associated with IBD, obesity, 
cancer, and neuro-

inflammation 

(Munteanu et al., 2025; Garabatos et 
al., 2025) 

3. The Gut Microbiome and Host Systems 

3.1. Overview of Host–Microbiota Interactions 

The gut microbiome engages in intricate, bidirectional communication with its host, influencing 
a wide range of physiological processes through immune, metabolic, and neuroendocrine networks. 
These interactions are mediated by an array of microbial components, including metabolites, cell-
surface antigens, and secreted signaling molecules, which collectively shape host biology (Wu et al., 
2025). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 September 2025 doi:10.20944/preprints202509.1382.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1382.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 26 

 

Microbial metabolites, such as short-chain fatty acids, secondary bile acids, and tryptophan 
derivatives, serve as chemical messengers that modulate energy metabolism, maintain epithelial 
barrier integrity, and regulate inflammatory responses. Surface antigens and microbial-associated 
molecular patterns (MAMPs) interact with host pattern recognition receptors (Wang et al., 2022), fine-
tuning immune responses to distinguish between harmless commensals and potential pathogens. 
Additionally, secreted molecules such as bacteriocins and neurotransmitter-like compounds can 
influence gut motility, neural signaling, and even systemic hormonal pathways, demonstrating the 
extensive reach of gut microbes beyond the intestine (Chandrasekara & Somaratne, 2023). 

3.2. Immune System Crosstalk 

The gut microbiota is a central architect of host immune function (Figure 1), shaping both local 
and systemic immunity through continuous bidirectional interactions. 

• Recognition of Microbial Signals: The host immune system detects microbial presence via 
pattern recognition receptors (PRRs), including Toll-like receptors (TLRs) and NOD-like 
receptors (NLRs). These receptors recognize microbial-associated molecular patterns (MAMPs) 
such as lipopolysaccharides (LPS), flagellin, and peptidoglycans, initiating tailored immune 
responses that distinguish between beneficial commensals and potential pathogens (Tiruvayipati 
et al., 2022). 

• Mucosal Immunity: Commensal microbes actively promote the secretion of antimicrobial 
peptides (AMPs), immunoglobulin A (IgA), and mucus, forming a multifaceted defense that 
protects against invading pathogens while maintaining immune tolerance to harmless microbes. 
These mechanisms establish a controlled environment that balances protection with symbiosis 
(Tonetti et al., 2024). 

• Immune Homeostasis: Gut microbial signals modulate the equilibrium between pro-
inflammatory and regulatory pathways. They influence the differentiation and function of T 
cells—including regulatory T cells (Tregs)—as well as dendritic cells and macrophages, shaping 
immune responses that are precise and proportionate (Brescia et al., 2024). 

• Epithelial Barrier Support: The microbiota reinforces gut barrier integrity by enhancing tight 
junction protein expression and stimulating mucus production (Table 1), preventing the 
translocation of pathogens and their toxins into systemic circulation (Shu et al., 2023). 

Disruption of these finely tuned interactions contributes to immune dysregulation and is 
implicated in inflammatory and autoimmune diseases, such as inflammatory bowel disease (IBD) 
and colorectal cancer (Bastida et al., 2023). 

3.3. Microbial Metabolites and Host Physiology 

Gut microbes produce a wide spectrum of metabolites that exert systemic effects, linking 
intestinal microbial activity to host physiology across multiple organs. 

• Short-Chain Fatty Acids (SCFAs): Fermentation of dietary fibers generates SCFAs—primarily 
butyrate, acetate, and propionate—that serve as energy sources for colonocytes, modulate 
immune signaling (e.g., Treg differentiation), and strengthen epithelial barrier function (Martin-
Gallausiaux et al., 2021). 

• Bile Acid Metabolites: Microbial transformation of primary bile acids into secondary bile acids 
influences lipid metabolism, immune pathways, and hepatic function through receptors such as 
FXR and TGR5. These metabolites play key roles in the gut–liver axis and in systemic metabolic 
regulation (Tong & Lou, 2025). 
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• Tryptophan Derivatives: Indole and related compounds activate the aryl hydrocarbon receptor 
(AhR), contributing to mucosal immunity, epithelial repair, and modulation of inflammatory 
responses (Marafini et al., 2024). 

• Vitamins: Certain gut bacteria synthesize essential vitamins, including vitamin K and B-group 
vitamins, supporting coagulation, DNA synthesis, energy metabolism, and overall cellular 
function (Tarracchini et al., 2025). 

Collectively, these metabolites link the gut microbiota to systemic organ function, participating 
in pathways such as the gut–brain, gut–liver, and gut–immune axes, illustrating the microbiome’s 
integral role in overall health. 

3.4. Host Regulation of Microbiota 

The host environment profoundly shapes the composition, diversity, and functional output of 
the gut microbiota, creating a dynamic equilibrium between microbial communities and host 
physiology. 

• Diet: Macronutrient composition and fiber intake strongly influence microbial diversity and 
metabolic activity. High-fiber diets enrich SCFA-producing bacteria, while high-fat or low-
fiber diets may promote dysbiosis and inflammation (Mantri et al., 2024). 

• Immune Regulation: Host defenses, including IgA secretion, antimicrobial peptide 
production, and continuous epithelial renewal, maintain microbial balance and prevent 
overgrowth of potentially harmful organisms. 

• Medications: Antibiotics, nonsteroidal anti-inflammatory drugs (NSAIDs), proton pump 
inhibitors, and other pharmaceuticals can disrupt microbial ecosystems, often leading to 
reduced diversity and altered metabolic outputs (Fan et al., 2024). 

• Environmental and Lifestyle Factors: Urbanization, stress, hygiene practices, toxin 
exposure, and early-life microbial exposures shape the microbiota, influencing immune 
development and long-term health outcomes. 

• Genetic Background: Host genetics determine susceptibility to microbial colonization, 
immune responsiveness, and predisposition to dysbiosis, highlighting the interplay between 
hereditary factors and microbial ecology (Wang et al., 2024). 

These host-driven factors modulate the flexibility of the gut environment, dictating how 
microbial communities influence metabolism, immunity, and overall health. 

4. Gut Microbial Symbiosis and the Health Consequences of Dysbiosis 

4.1. The Functional Benefits of Gut Symbiosis 

The human gastrointestinal tract hosts a complex, diverse, and metabolically active microbial 
community that exists in a mutualistic relationship with its host. This gut symbiosis is essential for 
numerous physiological processes (Figure 1), including nutrient metabolism, immune system 
development, mucosal integrity, neurobehavioral regulation, and protection against pathogens. 
Disruption of this balance termed dysbiosis is associated with a wide spectrum of chronic, 
inflammatory, metabolic, and neoplastic disorders (Pires et al., 2024). 

4.1.1. Nutrient Metabolism and Energy Production  

The gut microbiota plays a central role in human nutrient metabolism and energy homeostasis. 
Commensal microbes efficiently break down dietary fibers and complex carbohydrates that are 
indigestible by the host alone, fermenting them into short-chain fatty acids (SCFAs) such as acetate 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 September 2025 doi:10.20944/preprints202509.1382.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1382.v1
http://creativecommons.org/licenses/by/4.0/


 11 of 26 

 

(Table 1), propionate, and butyrate (Munteanu & Schwartz, 2024). These SCFAs serve multiple vital 
functions: 

• Energy Supply: Butyrate acts as a primary energy source for colonocytes, supporting epithelial 
health and promoting efficient nutrient absorption. 

• Immune Modulation: SCFAs influence the differentiation and function of immune cells, 
including regulatory T cells, helping to maintain a balanced inflammatory response (Paddison 
Rees N., 2024). 

• Metabolic Regulation: These metabolites play key roles in lipid metabolism and glucose 
homeostasis, contributing to overall energy balance and metabolic health. 

Beyond SCFA production, the gut microbiota contributes to the synthesis of essential vitamins, 
including B-group vitamins and vitamin K, which support cellular metabolism, coagulation, and 
DNA synthesis. Additionally, microbial enzymatic activity enables the biotransformation of 
xenobiotics and pharmaceutical compounds, thereby affecting their bioavailability, therapeutic 
efficacy, and potential toxicity (Rowland et al., 2018). 

4.1.2. Immune System Development and Regulation 

The gut microbiota plays a pivotal role in shaping and regulating both the innate and adaptive 
branches of the host immune system. Through constant interaction with the intestinal epithelium and 
immune cells (Pandiyan et al., 2019), commensal microbes help educate the immune system to 
respond appropriately to pathogens while maintaining tolerance to harmless antigens. Key 
mechanisms include: 

Promotion of Immune Tolerance: Commensal microbes prevent excessive immune activation, 
reducing the risk of chronic inflammation and autoimmune responses. 

Modulation of Regulatory T Cells (Tregs): Microbial signals influence the differentiation and 
function of Tregs, which are critical for maintaining immune homeostasis and controlling 
inflammatory responses (Pandiyan et al., 2019). 

Production of Immunoregulatory Metabolites: Short-chain fatty acids (SCFAs), aryl 
hydrocarbon receptor (AhR) ligands, and polyamines produced by gut bacteria serve as signaling 
molecules that fine-tune immune responses, support mucosal integrity, and regulate inflammatory 
pathways. 

Specific microbial species contribute uniquely to host immunity (Table 2). For example, 
Bifidobacterium and Akkermansia muciniphila have been shown to enhance antitumor immune 
responses and improve the effectiveness of immune checkpoint inhibitors (ICIs), demonstrating the 
therapeutic potential of modulating gut microbial composition (Jiang & Zhang, 2024). 

4.1.3. Maintenance of Gut Barrier Integrity and Pathogen Defense 

A balanced and diverse gut microbiota is essential for maintaining the integrity of the intestinal 
barrier and protecting the host from enteric pathogens (Shu et al., 2023). Commensal microbes 
employ multiple complementary strategies to achieve this defense: 

Competitive Exclusion: Beneficial microbes occupy ecological niches within the gut, consuming 
available nutrients and adhering to mucosal surfaces. This limits the ability of pathogenic organisms 
to colonize and establish infections (Dey & Ray Chaudhuri, 2023). 

Induction of Antimicrobial Peptides and Mucin Production: Gut bacteria stimulate the 
secretion of antimicrobial peptides (AMPs) and mucus, creating both chemical and physical barriers 
that inhibit pathogen growth and adherence to the epithelium (Okumura & Takeda, 2025,). 

Reinforcement of Epithelial Tight Junctions: Microbial signals enhance the expression and 
assembly of tight junction proteins, strengthening the epithelial barrier. This reduces intestinal 
permeability, prevents the translocation of pathogens and toxins into the systemic circulation, and 
mitigates inflammation (Aburto et al.,2024). 
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4.1.4. Gut–Brain Axis and Mental Health 

The gut–brain axis represents a dynamic, bidirectional communication network between the 
gastrointestinal tract and the central nervous system, mediated through neural, immune, and 
endocrine pathways. The gut microbiota plays a critical role in this crosstalk, influencing both brain 
function and behavior (Tao et al., 2025). 

Production of Neuroactive Compounds: Gut microbes synthesize and modulate the availability 
of neuroactive molecules, including gamma-aminobutyric acid (GABA), serotonin precursors, 
dopamine intermediates, and short-chain fatty acids (SCFAs). These compounds can directly or 
indirectly affect neurotransmission, mood, and cognitive processes (Dezfouli et al., 2025). 

Regulation of Neuro-inflammation: Microbial signals influence neuroimmune pathways, 
modulating microglial activation and inflammatory responses within the brain. This interaction can 
impact susceptibility to neuroinflammatory and neurodegenerative conditions (Müller et al., 2025). 

Implications for Mental Health: Dysbiosis and alterations in microbial composition have been 
linked to mood disorders such as depression and anxiety, as well as neurodegenerative diseases 
including Alzheimer’s and Parkinson’s disease. Gut microbial balance, therefore, emerges as a 
potential target for therapeutic interventions aimed at improving mental and neurological health 
(Kustrimovic et al., 2024). 

4.1.5. Metabolite Production and Systemic Regulation 

The gut microbiota produces a diverse array of bioactive metabolites that exert profound effects 
on host physiology, extending well beyond the gastrointestinal tract. These microbial products serve 
as critical signaling molecules, influencing systemic metabolic, immune, and even oncological 
processes (Anwer et al., 2025). 

Regulation of Systemic Inflammation: Microbial metabolites, including short-chain fatty acids 
(SCFAs), indole derivatives, and polyamines, modulate immune cell activity and cytokine 
production. This helps maintain a balanced inflammatory state, preventing chronic low-grade 
inflammation that is implicated in metabolic, cardiovascular, and autoimmune diseases (Mafe & 
Büsselberg, 2025). 

Modulation of Hepatic Metabolism and Energy Balance: Gut-derived metabolites, such as 
secondary bile acids and SCFAs, interact with hepatic receptors like FXR and TGR5 to regulate lipid 
and glucose metabolism, energy homeostasis, and insulin sensitivity. These interactions link 
microbial activity to systemic metabolic health (Marroncini et al., 2024). 

Alteration of the Tumor Microenvironment (TME): Microbial metabolites can influence the 
immune landscape within the TME by modulating cytokine profiles, immune cell infiltration, and 
local inflammation. Such effects may either suppress or promote tumor progression and can impact 
the efficacy of chemotherapy and immunotherapy, highlighting the microbiota’s role in cancer 
biology (Desai et al., 2025). 

4.1.6. Drug Metabolism and Therapeutic Response 

The gut microbiota plays a crucial role in modulating the metabolism and efficacy of numerous 
pharmaceutical agents, acting as an additional layer of host metabolism. Microbial enzymes can 
directly alter drug structures, impacting both their activity and safety profile (Pant et al., 2023). 

Activation or Inactivation of Therapeutic Agents: Certain gut bacteria can chemically modify 
drugs, either activating prodrugs into their therapeutically active forms or inactivating medications, 
thereby reducing their effectiveness. 

Modification of Drug Pharmacokinetics: Microbial activity can influence drug absorption in 
the gut, affect systemic half-life, and alter elimination pathways. This can result in variations in drug 
concentration and therapeutic outcomes among individuals (Pant et al., 2023).  

Regulation of Host Metabolic Pathways: The microbiota can modulate the expression of host 
metabolic enzymes and transporters, further shaping drug metabolism and response. 
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Dysbiosis may reduce chemotherapy efficacy or increase toxicity, and has been shown to affect 
the outcomes of immunotherapy. 

4.1.7. Modulation of the Tumor Microenvironment (TME) 

The gut microbiota exerts profound influence on the tumor microenvironment (TME), shaping 
its immune, metabolic, and inflammatory landscape. Through a combination of microbial 
metabolites, immune modulation, and systemic signaling, microbial communities can either foster 
an anti-tumor environment or support tumor progression (Desai et al., 2025). 

Key mechanisms include: 
Cytokine Regulation and Immune Infiltration: Commensal microbes and their metabolites 

influence the production of cytokines such as IL-10, IL-17, and IFN-γ, which in turn regulate the 
recruitment and activation of immune cells including T cells, natural killer (NK) cells, and dendritic 
cells within the TME (Desai et al., 2025). 

Inflammation Control: Depending on microbial composition, the microbiota can suppress 
chronic low-grade inflammation that promotes tumor growth or, conversely, exacerbate pro-
inflammatory pathways that support cancer progression (Nishida & Andoh, 2025). 

Therapeutic Modulation: Specific bacterial species have been shown to enhance the efficacy of 
conventional therapies, such as chemotherapy and immune checkpoint inhibitors (ICIs), by 
improving antigen presentation, T-cell activation, and overall immune responsiveness (Mc Neil & 
Lee, 2025). 

Thus, the microbiota acts not only as a passive bystander but as an active participant in tumor 
biology, with its composition and functional activity critically determining cancer outcomes and 
therapeutic success. 

4.2. Gut Dysbiosis: Etiology and Clinical Consequences 

4.2.1. Definition and Causes 

Gut dysbiosis refers to a disruption in microbial equilibrium, characterized by reduced microbial 
diversity, loss of beneficial taxa, and overgrowth of opportunistic pathogens (Dey & Ray Chaudhuri, 
2023).   

Contributing factors include: 
Dietary Factors 
High-fat, low-fiber diets reduce beneficial microbial species. 
Medical Interventions 
Antibiotic overuse, chemotherapy, surgery, and radiation alter gut ecology. 
Pathological Conditions 
Chronic inflammation and infections drive dysbiosis. 
Environmental & Lifestyle Stressors 
Toxins and psychological stress impact microbial function and host resilience. 

4.2.2. Disease Associations 

Inflammatory Disorders  
In IBD, depletion of Faecalibacterium prausnitzii and expansion of adherent-invasive E. coli drive 
mucosal inflammation. IBS is linked to reduced Bifidobacterium and Lactobacillus, causing increased 
permeability and visceral hypersensitivity. Psoriasis is associated with loss of SCFA producers and 
immune imbalance (Garabatos et al., 2025; Bastida et al., 2023). 

Cancer and Tumor Progression  
Dysbiosis promotes oncogenic inflammation and immune evasion. Fusobacterium nucleatum is 
strongly linked to colorectal cancer progression. Microbial composition also shapes response to 
chemotherapy and immunotherapy (Pignatelli et al., 2023). 
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Metabolic Disorders  
In obesity, a higher Firmicutes/Bacteroidetes ratio enhances energy harvest. In Type 2 Diabetes, 
reduced diversity and SCFAs contribute to insulin resistance and inflammation. 

Neuropsychiatric Disorders  
Dysbiosis alters neurotransmitter synthesis and neuroimmune signaling, contributing to depression, 
anxiety, and neurodegenerative diseases such as Alzheimer’s and Parkinson’s (Peterson C. T., 2020)). 

Drug Metabolism and Therapy Response  
Antibiotic-induced dysbiosis reduces the efficacy of immune checkpoint inhibitors, while altered 
microbial enzymes impair drug metabolism and treatment outcomes. 

5. Therapeutic Interventions Targeting the Gut Microbiota 

Modulation of the gut microbiota has emerged as a promising therapeutic strategy across a 
spectrum of diseases, including cancer, metabolic disorders, autoimmune conditions, and 
gastrointestinal pathologies. These interventions aim to restore microbial homeostasis, enhance 
mucosal immunity, and optimize host-microbe interactions (Kustrimovic et al., 2024). 

5.1. Prebiotics 

Prebiotics are non-digestible dietary substrates that selectively stimulate the growth and activity 
of beneficial gut microorganisms, thereby contributing to host health. Common prebiotics include 
inulin (Table 2), fructo oligo-saccharides (FOS), galacto oligo-saccharides (GOS), resistant starches 
(RS), pectic oligo-saccharides (POS), and flavanol-rich compounds (Jaswal et al., 2025). 

These substrates promote the proliferation of commensal taxa such as Bifidobacterium and 
Lactobacillus, enhancing microbial diversity and intestinal barrier function (Garabatos et al., 2025; 
Bastida et al., 2023). 

Fermentation of prebiotics yields short-chain fatty acids (SCFAs), including butyrate and 
propionate, which regulate inflammation, improve epithelial integrity, and exert systemic 
immunomodulatory effects (Martin-Gallausiaux et al., 2021). 

Prebiotic intake has been associated with metabolic improvements, including enhanced insulin 
sensitivity and body weight regulation in overweight individuals. 

In oncology, dietary fiber and ginseng polysaccharides have been shown to augment PD-1 
blockade efficacy by suppressing regulatory T cells (Tregs) and activating cytotoxic T cells within the 
tumor microenvironment (TME) (Desai et al., 2025). 

Efficacy depends on the presence of specific microbial taxa; without a sufficient baseline 
population of target microbes, prebiotics may yield minimal benefit. 

5.2. Probiotics 

Probiotics are live microorganisms that, when administered in adequate amounts, confer health 
benefits through their interactions with the host and native microbiota. 

Predominantly from the genera Lactobacillus, Lacticaseibacillus, Limosilactobacillus, and 
Bifidobacterium, probiotics can modulate the microbiota, enhance epithelial barrier integrity, produce 
antimicrobial compounds, and regulate host immune responses (Garabatos et al., 2025). 

Specific strains, such as L. helveticus and L. plantarum, have been shown to augment natural killer 
(NK) cell activity and induce T-helper cell responses that support tumor suppression (Scarpellini et 
al., 2020; Desai et al., 2025). 

Clinical applications span a range of conditions, including inflammatory bowel disease (IBD), 
irritable bowel syndrome (IBS), antibiotic-associated diarrhea, and even neuropsychiatric disorders 
such as depression (Bastida et al., 2023). 

Bifidobacterium infantis has demonstrated symptom relief in IBS, while certain strains are linked 
to remission maintenance in ulcerative colitis (though less effective in Crohn’s disease) (Bastida et al., 
2023). 
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In the context of cancer immunotherapy, probiotics may enhance immune checkpoint blockade 
(ICB) efficacy by restoring microbial diversity and promoting immune activation. 

Next-generation probiotics (NGPs), such as Faecalibacterium prausnitzii and Akkermansia 
muciniphila, are being developed for precision microbiome therapies due to their endogenous origin 
and anti-inflammatory potential (Olteanu et al. 2024). 

5.3. Synbiotics 

Synbiotics are synergistic formulations combining probiotics and prebiotics to potentiate mutual 
benefits and enhance colonization and metabolic activity of beneficial microbes (Mantri et al., 2024). 

These formulations improve microbial resilience and host-microbe interactions, especially in 
gastrointestinal and metabolic diseases. 

Synbiotics have demonstrated efficacy in reducing the incidence of necrotizing enterocolitis in 
neonates and lowering blood pressure in hypertensive patients (Mantri et al., 2024). 

In patients with ulcerative colitis, combinations such as Bifidobacterium breve with GOS have 
yielded improved clinical outcomes. 

Emerging evidence suggests synbiotics may augment the therapeutic response to ICBs in 
hepatocellular carcinoma by modulating the TME. 

5.4. Fecal Microbiota Transplantation (FMT) 

FMT involves the transfer of processed fecal material from a screened healthy donor into a 
recipient’s gastrointestinal tract (Table 2), with the goal of restoring eubiotic microbial composition 
(Jandhyala et al., 2015). 

Rigorous donor screening is essential, excluding individuals with a personal or familial history 
of autoimmune, metabolic, or oncologic conditions. 

Delivery routes include colonoscopy, enema, nasoduodenal tubes, and encapsulated oral 
formulations. 

FMT is an established treatment for recurrent Clostridioides difficile infections and is under 
investigation for a wide range of conditions, including IBD, graft-versus-host disease (GVHD), 
hepatic encephalopathy, multiple sclerosis, autism, and metabolic syndrome (Bastida et al., 2023). 

In oncology, FMT has been shown to modulate tumor-resident microbiota, enhance systemic 
and intratumoral immune responses, and improve responses to ICB therapy, particularly when 
derived from donors who previously responded favorably to immunotherapy (Desai et al., 2025). 

Potential mechanisms include the regulation of intestinal and circulating miRNAs, metabolic 
remodeling, and TME reprogramming. 

Challenges include inter-individual variability in response, uncertainty about long-term 
efficacy, and logistical complexities regarding donor matching, route of administration, and 
frequency of delivery. 

5.5. Dietary Modifications 

Diet plays a pivotal role in shaping the gut microbiome. Specific dietary components can 
selectively enrich beneficial microbes and their metabolic outputs. 

High-fiber diets promote saccharolytic fermentation and SCFA production, which support 
mucosal health and anti-inflammatory pathways (Martin-Gallausiaux et al., 2021). 

Polyphenols—bioactive compounds in fruits, vegetables, tea, and wine—exhibit prebiotic 
properties and contribute to microbial diversity (Shah et al., 2023). 

Fermented foods, including yogurt, kefir, sauerkraut, and kimchi, introduce live microbial 
cultures that reinforce microbial resilience and immune tolerance (Shah et al., 2023). 

Dietary strategies have been linked to cancer prevention, improved gut barrier function, and 
enhanced responsiveness to cancer therapies (Fong et al., 2020). 
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Personalized dietary interventions, based on individual microbial profiles, may further optimize 
outcomes. 

5.6. Microbiome-Based Drug Development 

Advances in synthetic biology have enabled the development of engineered microbial 
therapeutics that manipulate gut ecosystem function for therapeutic gain (Ahlawat et al., 2021). 

Engineered probiotics can be programmed to secrete bioactive compounds, degrade 
immunosuppressive molecules, modulate immune checkpoints, or deliver tumor-specific antigens. 

Bacteria equipped with CRISPR-based genome editing or type III secretion systems (T3SS) 
enable targeted interventions within the host or tumor microenvironment (Amen et al., 2025). 

Microbiome-based approaches can also influence systemic drug metabolism, thereby 
modulating pharmacokinetics and improving therapeutic indices. 

Bacteriophage therapy offers a precise method to selectively eliminate pathogenic strains 
without disrupting commensal microbiota (Yaqub et al., 2025). 

These tools offer highly specific, customizable treatments but require stringent safety 
evaluations and regulatory frameworks prior to clinical application. 

6. Gut Microbiota in Cancer and Immunotherapy 

The gut microbiota significantly influences cancer development and the effectiveness of 
immunotherapy. The composition of the gut microbiome can affect how patients respond to cancer 
therapies, particularly immune checkpoint inhibitors (ICIs) (Jiang & Zhang, 2024). Research indicates 
that specific bacterial species and their metabolites can either promote or inhibit tumor growth, and 
also modulate the efficacy of cancer treatments (Desai et al., 2025). 

6.1. Influence on Immune Checkpoint Inhibitors (ICIs) and Immunotherapy Response 

The gut microbiota significantly influences cancer development and the effectiveness of 
immunotherapy. The composition of the gut microbiome can affect how patients respond to cancer 
therapies, particularly immune checkpoint inhibitors (ICIs) (Jiang & Zhang, 2024). Research indicates 
that specific bacterial species and their metabolites can either promote or inhibit tumor growth, and 
also modulate the efficacy of cancer treatments (Desai et al., 2025). 

Certain bacteria enhance tumor-infiltrating T-cell activity. 
Dysbiosis can lead to resistance against ICIs (Desai et al., 2025). 
Microbiota-derived metabolites reshape the tumor microenvironment (TME). 
FMT improves outcomes in patients who do not initially respond to ICIs (Ciernikova et al., 2024). 

6.2. Key Bacteria Associated with Improved Cancer Treatment Outcomes 

Specific bacterial taxa are strongly associated with favorable responses to cancer 
immunotherapy. Akkermansia muciniphila improves epithelial integrity and enhances ICI efficacy, 
while Bifidobacterium species increase anti-PD-1 effectiveness in preclinical models (Table 2). 
Similarly, taxa such as Lachnospiraceae, Ruminococcaceae, and Faecalibacterium prausnitzii contribute to 
improved outcomes by promoting immune balance and anti-inflammatory effects (Wang et al., 2024). 

Akkermansia muciniphila: Enhances ICI efficacy and lymphocyte infiltration. 
Bifidobacterium spp.: Improve anti-PD-1 therapy, especially in breast cancer models (Wang et al., 

2024). 
Lachnospiraceae and Alistipes: Linked with longer survival in HCC patients. 
Faecalibacterium prausnitzii: Supports anti-PD-L1 therapy through butyrate production (Xin et al., 

2024). 
Other commensals (Collinsella, Enterococcus, Blautia) support immune homeostasis. 

6.3. Role of Microbial Metabolites in Tumor Progression and Therapy 
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Microbial metabolites act as molecular messengers between the microbiota and host, affecting 
tumor growth and therapy response. Short-chain fatty acids (SCFAs) such as butyrate improve gut 
homeostasis and reduce angiogenesis, while inosine enhances PD-L1 therapy. Conversely, 
metabolites like hydrogen sulfide and secondary bile acids can promote cancer progression (Cao et 
al., 2025; Rowland et al., 2018). 

SCFAs strengthen the gut barrier and limit tumor angiogenesis. 
Inosine boosts anti-PD-L1 therapy effectiveness (Cao et al., 2025). 
Hydrogen sulfide and bile acids promote DNA damage and colorectal cancer. 
Indole derivatives (e.g., 3-IAA) modulate chemotherapy in pancreatic cancer. 

6.4. Antibiotic Impact on Cancer Therapy 

Antibiotics can disrupt the delicate balance of the gut microbiome, leading to reduced microbial 
diversity and poorer therapy outcomes. Patients who receive antibiotics during ICI therapy generally 
show lower survival rates and weaker responses. Experimental models also confirm that antibiotic 
use reduces the efficacy of chemotherapies such as cyclophosphamide (Mafe & Büsselberg, 2025). 

Broad-spectrum antibiotics cause dysbiosis and weaken immune responses. 
Antibiotic use during ICI therapy lowers survival and response rates. 
Disruption of gut balance increases intestinal permeability and inflammation. 
Germ-free or antibiotic-treated mice show poor chemotherapy outcomes. 

Table 2. Microbiota-Targeted Therapeutic Strategies and Their Immune-Metabolic Effects. 

Strategy Mechanism of Action Immune Effects Metabolic Effects References 

Probiotics (Bifidobacterium, 
Lactobacillus, Akkermansia) 

Enhance gut barrier, 
modulate cytokine 

production, compete with 
pathogens 

Increase Treg activation, reduce pro-
inflammatory cytokines (IL-6, TNF-α), 

promote antitumor immunity 

Improve insulin sensitivity, 
lipid metabolism, and SCFA 

production. 

(Shahini & 
Shahini, 2023). 

Prebiotics (inulin, resistant 
starch, fibers) 

Provide substrates for 
beneficial microbes, increase 

SCFA production 

Promote anti-inflammatory immune 
responses; enhance IgA secretion 

Boost SCFA levels (butyrate, 
propionate), improve glucose 

and lipid metabolism. 

(Sheng et al., 
2023). 

Synbiotics (Probiotic + 
Prebiotic) 

Synergistic effect improving 
colonization of beneficial 

microbes (Figure 2) 

Enhance immune tolerance and lower 
inflammatory markers 

Support nutrient absorption 
and improve metabolic 

homeostasis. 

(Al-Habsi et 
al., 2024) 

Fecal Microbiota 
Transplantation (FMT) 

Restores microbial diversity 
using donor stool 

Re-establishes immune balance, 
restores Treg/Th17 ratio, improves 

response to immunotherapy 

Enhances metabolic function, 
reduces endotoxemia and 

systemic inflammation. 

(Jandhyala et 
al., 2015) 

Dietary Interventions 
(Mediterranean diet, fermented 

foods) 

Increase microbial richness 
and diversity 

Promote immune tolerance, decrease 
pro-inflammatory pathways 

Increase SCFA levels, improve 
cardiovascular and metabolic 

outcomes. 

David & Lev-
Ari, 2024). 

Microbiome-based Drugs (live 
biotherapeutics, engineered 

bacteria) 

Target-specific pathways 
with microbial strains or 
engineered metabolites 

Modulate tumor immunity, balance 
immune dysregulation 

Correct metabolic disorders by 
modulating bile acids and 

SCFAs. 

(Desai et al., 
2025). 

Antibiotic Stewardship 
Prevents broad-spectrum 
disruption of microbiota 

Reduces dysbiosis-related immune 
dysfunction 

Preserves metabolic stability 
by maintaining microbial 

diversity 

Dongre et al., 
2025 

7. The Role of Gut Microbiota in Other Health Conditions 

The gut microbiota exerts far-reaching effects beyond gastrointestinal health, playing an 
important role in cardiovascular, neurological, dermatological, and hormonal systems. Its influence 
on metabolism, inflammation, and immune regulation demonstrates its central role in maintaining 
systemic homeostasis. Dysbiosis in these microbial communities is increasingly linked to chronic 
diseases, suggesting that microbiota-targeted interventions could provide novel therapeutic avenues 
(Cheemala et al., 2024). 

7.1. Cardiovascular Diseases 
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Gut microbiota composition strongly influences cardiovascular health by modulating lipid 
metabolism, bile acid transformation, and systemic inflammation. One key mechanism involves the 
microbial conversion of dietary phosphatidylcholine into trimethylamine (TMA), later oxidized into 
trimethylamine-N-oxide (TMAO) (Leng et al., 2025), a metabolite associated with atherosclerosis and 
cardiovascular events. Elevated TMAO levels have been linked with increased risk of myocardial 
infarction and stroke, while a more diverse microbiota may counterbalance these harmful pathways. 
Dysbiosis also promotes gut permeability, allowing endotoxins such as LPS into circulation, thereby 
triggering chronic inflammation and accelerating vascular disease. Additionally, microbial 
disturbances alter cholesterol absorption and bile acid metabolism, contributing to hyperlipidemia 
and non-alcoholic fatty liver disease (Mak & Shekhar, 2025). 

Key points: 
Gut microbes produce TMAO, strongly linked to atherosclerosis and stroke. 
Dysbiosis promotes gut leakiness and systemic inflammation. 
Microbiota influence cholesterol and bile acid metabolism, affecting lipid profiles. 
Reduced microbial diversity may worsen cardiovascular risk. 

7.2. Neurological Disorders 

Through the gut-brain axis, the microbiota communicates bidirectionally with the central 
nervous system, influencing cognitive and emotional health. Beneficial microbes produce 
neurotransmitters such as serotonin and gamma-aminobutyric acid (GABA), which regulate mood 
and behavior (Mehta et al., 2025). Dysbiosis disrupts this production, contributing to depression, 
anxiety, and neurodegenerative conditions. Increasing evidence suggests that microbial changes 
precede the onset of Alzheimer’s and Parkinson’s disease, pointing toward microbiota modulation 
as a potential preventive strategy. Microbial metabolites, particularly SCFAs, play an additional role 
by influencing neuroinflammation, gut motility, and visceral sensitivity, all of which are important 
in disorders like irritable bowel syndrome (IBS) (Bastida et al., 2023). 

Key points: 
Gut microbes produce neurotransmitters (serotonin, GABA) critical for mood regulation. 
Dysbiosis contributes to depression, anxiety, and neurodegeneration. 
Microbial changes may precede Alzheimer’s and Parkinson’s symptoms. 
SCFAs affect brain signaling, inflammation, and IBS development. 

7.3. Psoriasis and Skin Disorders 

The gut-skin axis highlights the microbiota’s role in dermatological health. Dysbiosis is 
frequently observed in inflammatory skin conditions, including psoriasis, acne, atopic dermatitis, 
and rosacea. In psoriasis, reduced populations of SCFA-producing bacteria weaken regulatory T cell 
(Treg) function, fueling systemic inflammation and immune dysregulation (Munteanu et al., 2025). 
Low dietary fiber intake further reduces SCFA levels, activating dendritic cells and perpetuating 
chronic inflammation. This altered microbial-immune interaction may also increase susceptibility to 
systemic comorbidities, such as arthritis and cardiovascular disease, often seen in psoriasis patients. 

Key points: 
Gut dysbiosis is linked to psoriasis, acne, dermatitis, and rosacea. 
Loss of SCFA-producing bacteria weakens Treg function and fuels inflammation. 
Low-fiber diets reduce SCFAs, worsening skin inflammation. 
Psoriasis is a systemic inflammatory condition tied to gut microbiome imbalance. 

7.4. Hormonal Regulation 

The gut microbiota significantly influences hormonal regulation through the estrobolome, 
which controls estrogen metabolism. By deconjugating estrogens, gut bacteria regulate their 
reabsorption, thereby impacting conditions such as breast cancer, endometriosis, and 
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cardiometabolic risk (Larnder et al., 2025). Additionally, microbial activity modulates bile acid 
metabolism, affecting lipid and glucose regulation. Secondary bile acids produced by gut bacteria 
can circulate systemically, altering insulin sensitivity and contributing to metabolic diseases such as 
obesity, diabetes, and polycystic ovary syndrome (PCOS) (Babu et al., 2024). 

Key points: 
The estrobolome regulates estrogen reabsorption, influencing breast cancer and metabolic risk. 
Gut microbes shape bile acid metabolism, affecting lipid and glucose homeostasis. 
Secondary bile acids influence insulin sensitivity and fat storage. 
Dysbiosis contributes to PCOS, obesity, and diabetes. 

8. Emerging Trends and Future Perspectives 

Recent advances in microbiome research point toward major breakthroughs in therapeutic 
strategies, diagnostics, and our overall understanding of how the gut microbiota influences health 
and disease. Promising trends include genome editing of microbial communities, precision-based 
therapies, development of robust ethical and regulatory frameworks, and the urgent need for 
standardization in clinical microbiome applications (Amen et al., 2025). These innovations aim to 
move microbiome-based treatments from experimental to mainstream medicine while ensuring 
safety and efficacy. 

8.1. Microbiome Editing (CRISPR, Synthetic Biology) 

Microbiome editing is one of the most exciting frontiers in this field, involving targeted 
manipulation of microbial communities to achieve therapeutic benefits. Tools such as CRISPR-Cas9, 
base editing, and synthetic biology are enabling precise modification of bacterial genomes, opening 
the door to highly specific interventions against antibiotic-resistant pathogens, metabolic 
dysfunction, and even cancer (Amen et al., 2025). Engineered bacteriophages and CRISPR-equipped 
viruses can selectively eliminate harmful bacteria, while synthetic biology approaches allow the 
design of microbial strains capable of producing therapeutic compounds or modulating host 
metabolism. Although promising, these technologies face challenges related to stability, delivery, and 
biosafety, and their long-term effects are not yet fully understood (Jaswal et al., 2025). 

Key points: 
CRISPR and base editing enable precise genetic modification of gut bacteria. 
Engineered bacteriophages target antibiotic-resistant microbes. 
Synthetic biology allows microbes to produce therapeutic metabolites. 
In situ microbiome engineering manipulates bacteria within their natural habitat. 
Challenges: delivery, stability, safety, and long-term controllability. 

8.2. Personalized Microbiome-Based Therapies 

Personalized approaches are rapidly becoming a central theme in microbiome research. Unlike 
one-size-fits-all treatments, these therapies are tailored to the unique microbial profiles of individual 
patients, taking into account diet, genetics, demographics, and lifestyle. Personalized microbiome 
profiling through metagenomics allows clinicians to predict treatment outcomes and optimize 
interventions (Shukla et al., 2024). For example, patient-specific microbial signatures can guide the 
use of probiotics, prebiotics, or microbiota-derived drugs, improving chemotherapy efficacy while 
minimizing toxicity. Dietary habits, which can quickly reshape gut microbial populations, also form 
an integral part of precision medicine strategies. 

Key points: 
Interventions are tailored to individual microbial profiles. 
Incorporates genetic, dietary, and lifestyle factors into therapy. 
Microbiome profiling guides personalized probiotics and microbiota-targeted drugs. 
Precision medicine integrates microbiome data to predict treatment response. 
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Personalized approaches reduce variability in drug absorption and toxicity. 

8.3. Ethical and Regulatory Challenges in Microbiome Research 

As microbiome-based therapies move toward clinical translation, ethical and regulatory 
challenges remain significant. Defining whether such therapies should be categorized as drugs, 
biologics, or dietary supplements has direct implications for approval and regulation. Treatments 
involving live organisms, such as FMT or probiotics, require strict oversight to prevent risks such as 
pathogen transfer. Informed consent and clear communication of risks and benefits are essential in 
clinical trials. Additionally, the societal impact of such interventions, including equitable access and 
potential misuse, must be carefully considered (Jaswal et al., 2025). 

Key points: 
Classification of microbiome therapies (drug vs. supplement) affects regulation. 
Live-organism therapies (FMT, probiotics) require rigorous screening. 
Risks include pathogen transfer and variable safety outcomes. 
Ethical concerns involve informed consent and equitable access. 
Societal benefits must be weighed against risks in clinical application. 

8.4. Long-Term Implications of Gut Microbiota Modulation 

The long-term impact of microbiome modulation on treatment outcomes, side effects, and 
overall host health remains poorly understood. FMT and probiotic therapies show promise, but 
longitudinal studies are needed to track microbiome changes and patient outcomes over years. For 
instance, breast cancer studies suggest that shifts in microbial composition during therapy could 
affect disease recurrence or secondary complications. Standardized sampling methods, robust 
control groups, and multi-omics integration will be vital to understanding how microbiome 
modulation influences human health across the lifespan ((Jandhyala et al., 2015). 

Key points: 
Long-term effects of FMT and probiotics are not fully known. 
More longitudinal studies are required across diverse populations. 
Standardized sampling and clinical trial methods ensure reliable data. 
Microbiome changes during therapy may affect recurrence risk and side effects. 

9. Conclusion 

The gut microbiome plays a pivotal role in human health, and its modulation presents a 
promising avenue for therapeutic interventions, particularly in cancer treatment. Current research 
underscores the intricate relationship between the gut microbiome, the tumor microenvironment 
(TME) (Desai et al., 2025), and the host immune system, influencing treatment outcomes and overall 
disease progression. 

Microbiome-driven therapies, including fecal microbiota transplantation (FMT), probiotics, and 
prebiotics, are being actively explored to enhance cancer immunotherapy. FMT, especially in 
combination with immune checkpoint inhibitors (ICIs), has shown potential in improving treatment 
response in various cancers, including hepatocellular carcinoma (HCC). Ongoing clinical trials are 
evaluating these interventions, focusing on key outcomes such as objective response rate (ORR), 
disease control rate (DCR), and adverse events (AEs). 

Specific microbial compositions have been identified as predictive markers of immunotherapy 
efficacy. For instance, increased levels of Lachnospiraceae bacterium-GAM79, Alistipes sp. Marseille-
P5997, Ruminococcus, and Klebsiella have been linked to better outcomes in HCC patients receiving 
anti-PD-1 therapy. Conversely, gut dysbiosis—characterized by an imbalance in microbial 
communities, including a reduced Prevotella/Bacteroides ratio—has been associated with poor 
response to nivolumab. 
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Dietary interventions with prebiotics, such as resistant starches and dietary fiber, are also being 
investigated for their ability to modulate the gut microbiome and enhance ICI efficacy. Increased 
dietary fiber intake has been linked to improved sensitivity to PD-1 inhibitors by suppressing 
regulatory T (Treg) cells and activating cytotoxic T cells. Additionally, probiotics like Lactobacillus 
rhamnosus and synbiotics (a combination of probiotics and prebiotics) are being evaluated for their 
role in microbiome modulation during cancer treatment. 

Short-chain fatty acids (SCFAs)—including butyrate, acetate, and propionate—are key microbial 
metabolites with significant therapeutic potential. These SCFAs contribute to immune regulation, 
enhance intestinal barrier function, and have demonstrated potential anticancer effects. Furthermore, 
bioactive compounds such as nisin have been explored for their apoptogenic properties, offering 
novel approaches for cancer therapy. 

Network analysis has emerged as a powerful tool for deciphering the complexity of microbiome 
interactions. By analyzing microbial co-occurrence patterns, differential networks, and causal 
relationships, researchers can identify critical microorganisms, biomarkers, and regulatory pathways 
involved in disease progression and treatment response. 

However, factors such as antibiotic use can disrupt the gut microbiome, leading to dysbiosis, 
inflammatory disorders, and diminished response to cancer therapy. As such, strategic manipulation 
of the gut microbiome—through dietary interventions, FMT, or microbiome-based therapies—holds 
immense potential in developing personalized medical strategies. 
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