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Highlights

e The human gut microbiota exhibits regional variation in composition and density, with the colon
hosting the most diverse and abundant microbial communities.

e  Beyond bacteria, the virome and archaeome contribute to microbial ecosystem stability and
metabolic cooperation.

e  Gut microbes play essential roles in immune regulation, intestinal barrier integrity, metabolic
homeostasis, and neurotransmitter signaling, forming critical host-microbiota axes.

e Diet, lifestyle, exercise, sleep, and aging profoundly modulate microbial composition and
functional output, influencing systemic health and disease risk.

e  Understanding host-microbiota interactions offers opportunities for therapeutic interventions,
including probiotics, prebiotics, and personalized nutrition, to restore eubiosis and promote
health across the lifespan.

Abstract

The human microbiota is a diverse and dynamic ecosystem of microorganisms that inhabit the
gastrointestinal tract and other body sites, playing a central role in host physiology. Microbial
composition and density vary along the gastrointestinal tract, with the oral cavity and colon
representing regions of highest diversity and microbial load, respectively. Beyond bacteria, gut
virome and archaeome contribute to ecosystem stability and metabolic cooperation. The microbiota
performs essential physiological functions, including maintenance of the intestinal barrier,
modulation of the immune system, fermentation of dietary components into short-chain fatty acids
(SCFAs), vitamin biosynthesis, and regulation of systemic metabolic and neuroendocrine pathways.
Host—-microbiota communication is mediated by microbial metabolites, pattern recognition receptors,
immune cells, and neuroimmune interactions involving the enteric nervous system, forming the basis
of the gut-brain, gut-liver, and other organ axes. Dysbiosis, caused by stress, aging, antibiotics, or an
unhealthy diet, disrupts these interactions, contributing to inflammatory, metabolic, and
neurodegenerative disorders. Environmental factors, including diet, physical activity, and sleep,
profoundly shaped microbial composition and functional output. Diets rich in fiber, plant-based
foods, and Mediterranean patterns promote microbial diversity and SCFA production, whereas
Western diets predispose dysbiosis and systemic inflammation. Understanding the mechanisms by
which microbiota influences host physiology provides opportunities for targeted interventions,
including probiotics, prebiotics, and lifestyle modifications, aimed at restoring microbial balance and
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improving health outcomes. This review integrates current knowledge on the composition, function,
and modulators of the human microbiota, emphasizing its central role in maintaining intestinal and
systemic homeostasis across the lifespan.

Keywords: human gut microbiota; microbial diversity; short-chain fatty acids; immune modulation;
gut-brain axis; dysbiosis; diet and lifestyle

1. Introduction

The human gut microbiota constitutes a highly complex and dynamic ecosystem that harbors
trillions of microorganisms, predominantly bacteria, but also archaea, viruses, and eukaryotic
microbes [1]. Over the past decade, growing scientific interest in this microbial community has been
driven by mounting evidence linking dysbiosis to a wide range of chronic non-communicable
diseases [2,3]. The intricate interplay among the gut microbiota, its derived metabolites, and the host
immune system is fundamental to maintaining physiological homeostasis [4-6]. Disruption of this
equilibrium may contribute to the development of inflammatory, metabolic, and neuropsychiatric
disorders [3,7]. Accordingly, the gut microbiota is increasingly conceptualized as a metabolically
active organ that participates in systemic regulation [8]. This review aims to provide a comprehensive
overview of the human gut microbiota, integrating current knowledge into its spatial organization,
composition, physiological functions, mechanisms of host interaction, and modulatory factors. In
addition, the review examines how diet, lifestyle, aging, and environmental influences shape
microbial communities and their functional output, with implications for health and disease. By
synthesizing findings across microbiology, immunology, metabolism, and neurobiology, the review
highlights the central role of the gut microbiota in maintaining homeostasis and presents potential
strategies for targeted interventions. Importantly, despite its growing relevance, there is a notable
lack of dedicated material and structured curricula on this topic in health sciences careers,
underscoring the need for increased educational resources to prepare future professionals for
microbiota-informed clinical practice.

1.1. Search Strategy and Selection Criteria

Peer-reviewed articles were systematically searched using the PubMed database, the Google
Scholar search platform, and Elsevier DataSearch. The literature search aimed to identify relevant
studies addressing the relationship between gut microbiota and human health outcomes. To ensure
methodological rigor and transparency in the selection process, the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) checklist was applied to evaluate the quality and
eligibility of the selected studies. This approach allowed for a structured screening process and
improved the reliability and reproducibility of the literature included in this review. We considered
articles including the most recent and remarkable studies in the field. The search terms for the
introduction were "microbiota" AND ("gastrointestinal tract” OR "oral" OR "gastric" OR "intestinal")
AND homeostasis NOT (disease OR pathology OR disorder OR cancer OR pathogenesis); for
composition and development of gut microbiota were “microbiota” AND (oral microbiota OR gastric
microbiota OR intestinal microbiota OR colonic microbiota) AND composition AND "healthy
individuals"; for physiological functions were "microbiota” AND ("gastrointestinal tract" OR "oral"
OR "gastric" OR "intestinal") AND ("neurotransmitters" OR "neuromodulation" OR " brain gut axis")
NOT disease AND “immune system”; and for diet and lifestyle modulators were ("diet" OR
"lifestyle") AND "gut microbiota composition” AND healthy NOT disease.

2. Composition and Development of the Gut Microbiota

The human gut microbiota is a complex and dynamic microbial community whose composition
and structure are shaped by multiple host and environmental factors. Advances in sequencing
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technologies have enabled detailed characterization of the taxonomic diversity of intestinal
microorganisms and the processes governing their establishment and maturation throughout the
human lifespan. The composition of this microbial ecosystem varies considerably among individuals
and evolves over time, particularly during early life when microbial colonization and immune system
development occur simultaneously. Understanding both the taxonomic composition of the gut
microbiota and the mechanisms that drive its early-life establishment is essential for elucidating its
role in health and disease.

2.1. Taxonomic Composition

The human intestinal microbiota is predominantly composed of bacteria belonging to a limited
number of major phyla. Among these, Firmicutes and Bacteroidetes represent the most abundant
groups, followed by smaller proportions of Actinobacteria, Proteobacteria, and Verrucomicrobia [4].
Collectively, these microbial communities comprise a highly diverse ecosystem, with estimates
suggesting that more than 1,500 microbial species may colonize the human gastrointestinal tract,
although the specific composition varies substantially among individuals due to genetic,
environmental, and lifestyle-related factors [9,10]. Advances in metagenomic sequencing have also
led to the identification of distinct microbial community structures, commonly referred to as
enterotypes. These enterotypes are characterized by the predominance of specific bacterial genera,
most notably Bacteroides, Prevotella, or Ruminococcus, and are thought to be strongly influenced by
long-term dietary patterns and lifestyle factors [9,11,12]. Although the phylum Firmicutes is typically
the most abundant component of the intestinal microbiota, the genus Bacteroides has gained
particular attention as a key ecological regulator [13]. These bacteria are considered keystone taxa,
meaning that they play a disproportionately important role in maintaining the stability and
functionality of the intestinal ecosystem [14]. Under physiological conditions, Bacteroides species
contribute to essential processes such as polysaccharide digestion, pathogen exclusion, immune
system modulation, and the regulation of host metabolic and neurological functions [15,16].

2.2. Early-Life Colonization

The establishment of the gut microbiota begins at birth and represents a critical window in
human development. Initial microbial colonization is influenced by several perinatal and
environmental factors, including the mode of delivery, maternal microbiota composition, early
nutrition, and exposure to antibiotics [17]. Infants delivered vaginally are typically colonized by
microbial communities resembling the maternal vaginal and intestinal microbiota, whereas those
born by cesarean section tend to acquire microbial profiles more closely associated with maternal
skin and the hospital environment [5,9]. These early differences in microbial exposure may have
lasting effects on microbiota composition and immune system development.

Postnatal nutrition further shapes microbial succession during infancy. In particular, breast milk
plays a fundamental role in promoting the growth of beneficial bacterial taxa. Human milk
oligosaccharides (HMOs), complex carbohydrates present in breast milk, act as selective substrates
for microbial fermentation and preferentially stimulate the proliferation of genera such as
Bifidobacterium and Lactobacillus [18]. Early microbial colonization is closely linked to the maturation
of the host immune system, contributing to the development of regulatory T cells, the establishment
of mucosal immune tolerance, and the strengthening of long-term immune resilience [19].

2.3. Metabolic and Endocrine Functions

The intestinal microbiota plays a fundamental role in host metabolism through the fermentation
of complex carbohydrates that escape digestion in the upper gastrointestinal tract. This fermentation
process generates short-chain fatty acids (SCFAs), primarily acetate, propionate, and butyrate, which
serve as key energy sources for colonocytes and exert anti-inflammatory, immunomodulatory, and
potential antitumor effects [4,5]. Butyrate, in particular, supports intestinal epithelial integrity,
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regulates gene expression through histone deacetylase inhibition, and promotes intestinal barrier
function. In addition to SCFA production, gut microorganisms contribute to the biosynthesis of
several essential micronutrients, including B-group vitamins (such as folate, riboflavin, and biotin)
and vitamin K. These microbial metabolic activities supplement host nutritional requirements and
influence systemic metabolic pathways [20,21]. Furthermore, the microbiota participates in the
production and modulation of various bioactive compounds, including neurotransmitters such as
serotonin, gamma-aminobutyric acid (GABA), and dopamine precursors, which contribute to
signaling within the gut-brain axis [22]. Another important metabolic function of the microbiota
involves the transformation of dietary components into bioactive metabolites. For example, dietary
choline and carnitine are metabolized by gut bacteria into trimethylamine (TMA), which is
subsequently converted in the liver to trimethylamine-N-oxide (TMAO), a compound associated
with increased cardiovascular risk [23,24]. Additionally, microbial metabolism regulates bile acid
transformation, producing secondary bile acids that influence lipid absorption, glucose metabolism,
and host metabolic signaling pathways. These findings highlight the complex interaction between
diet, microbial metabolism, and systemic metabolic health.

2.4. Immunological Regulation and Barrier Function

The gut microbiota plays a crucial role in maintaining intestinal barrier integrity and regulating
immune homeostasis. Commensal microorganisms stimulate epithelial cells to produce mucins and
antimicrobial peptides, which reinforce the mucosal barrier and prevent colonization by pathogenic
organisms [25,26]. In parallel, microbial signals interact with immune cells in the intestinal mucosa
to promote the development of regulatory T cells and stimulate the production of secretory
immunoglobulin A (IgA), a key component of mucosal immunity. The gut-associated lymphoid
tissue (GALT), which represents approximately 70% of the human immune system, relies heavily on
microbial stimulation for its development and functional maturation. Continuous interaction
between commensal microbes and immune cells promotes immune tolerance to beneficial
microorganisms while maintaining the capacity to respond to pathogens [27]. Alterations in microbial
composition can disrupt this balance. A reduction in beneficial SCFA-producing bacteria, such as
Faecalibacterium prausnitzii, has been associated with inflammatory bowel diseases and colorectal
cancer, highlighting the importance of microbial diversity in maintaining intestinal health [28].
Dysbiosis can impair epithelial barrier integrity, increase intestinal permeability, and promote
chronic inflammation, thereby contributing to the development of several immune-mediated and
metabolic diseases [29].

2.5. Key Factors Modulation the Gut Microbiota

The diversity and composition of the gastrointestinal microbiota are shaped by a variety of host
and environmental factors. Local physiological conditions such as pH gradients, oxygen
concentration, nutrient availability, and intestinal motility strongly influence microbial colonization
patterns along the digestive tract. In addition, host-related factors, including genetics, immune
activity, age, diet, and medication exposure, play important roles in determining microbial diversity
and stability [12,30]. Dietary patterns are considered one of the most influential determinants of
microbiota composition. Diets rich in plant-derived fiber promote microbial diversity and support
the growth of short-chain fatty acid—producing bacteria, whereas diets high in saturated fats and
refined carbohydrates are associated with reduced diversity and increased susceptibility to dysbiosis
[31-33].

2.6. Dysbiosis and Disease

Dysbiosis refers to an imbalance in microbial composition characterized by the loss of beneficial
microorganisms and the expansion of opportunistic pathogens. This condition has been linked to
numerous chronic diseases, including inflammatory bowel diseases, obesity, type 2 diabetes,
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allergies, cardiovascular disease, and colorectal cancer [4,34,35]. In ulcerative colitis, for example,
reduced microbial diversity and the depletion of butyrate-producing bacteria contribute to chronic
intestinal inflammation and impaired mucosal healing [5]. In surgical contexts, dysbiosis may
increase susceptibility to surgical site infections and postoperative complications, particularly in
patients exposed to prolonged antibiotic therapy [3].

2.7. Therapeutic Strategies

Several strategies have been developed to restore microbial balance and improve health
outcomes: 1) Probiotics and prebiotics: These compounds promote the growth and activity of
beneficial microorganisms and enhance intestinal barrier function [36]; 2) Synbiotics: Combinations
of probiotics and prebiotics have demonstrated beneficial effects in inflammatory conditions such as
ulcerative colitis [37]; 3) Fecal microbiota transplantation (FMT): This approach has shown high
efficacy in treating recurrent Clostridioides difficile infections and is being explored for other metabolic
and gastrointestinal disorders [3,38]; 4) Dietary modulation: Increased consumption of fermentable
fiber and functional foods, such as fermented brown rice or germinated barley, may exert anti-
inflammatory effects and promote microbial diversity [5]; 5) Optimized surgical protocols: Evidence-
based strategies such as chlorhexidine skin preparation and Enhanced Recovery After Surgery
(ERAS) protocols may help preserve microbiome homeostasis and reduce postoperative
complications [3]

3. Spatial Distribution of the Gut Microbiota Along the Gastrointestinal Tract

While the overall composition of the gut microbiota has been extensively characterized, it is
important to recognize that microbial communities are not uniformly distributed throughout the
gastrointestinal tract. Instead, they exhibit marked spatial variation driven by differences in local
physicochemical conditions, including pH, oxygen availability, nutrient gradients, host secretions,
and intestinal motility. These environmental factors create distinct ecological niches along the
gastrointestinal tract, allowing specific microbial populations to colonize and thrive in particular
regions. Understanding spatial organization is therefore essential for interpreting the functional roles
of the gut microbiota and its interactions with host physiology [39].

The human gastrointestinal (GI) tract hosts a highly structured microbial ecosystem whose
composition and density vary markedly along its anatomical length. These spatial variations are
primarily determined by physicochemical factors such as pH, oxygen availability, nutrient gradients,
bile acids, immune defenses, and intestinal transit time. As a result, microbial density and diversity
increase progressively from the upper to the lower gastrointestinal tract, with each compartment
supporting distinct microbial communities adapting to its environmental conditions [39,40].

The oral cavity represents one of the most microbially diverse environments in the human body,
harboring more than 1,000 identified microbial taxa. This ecosystem is characterized by complex
multispecies biofilms that form on dental surfaces, the tongue, and mucosal tissues. Dominant
bacterial genera include Streptococcus, Prevotella, Fusobacterium, and Veillonella, which interact through
metabolic cross-feeding and coaggregation processes that stabilize oral microbial communities
[41,42]. These microbial biofilms play essential roles in maintaining oral health but can also contribute
to dental caries and periodontal disease when ecological balance is disrupted.

The esophagus harbors a microbial community that closely resembles that of the oral cavity due
to the continuous passage of saliva and swallowed microorganisms. The esophageal microbiota is
typically dominated by genera such as Streptococcus, Prevotella, and Haemophilus. However, local
conditions such as transient oxygen exposure, epithelial turnover, and peristaltic movement limit
extensive microbial colonization. Despite its relatively lower microbial density compared with distal
gut regions, the esophageal microbiome has gained attention for its potential role in esophageal
diseases, including gastroesophageal reflux disease and Barrett’s esophagus [43].

The stomach presents one of the most challenging environments for microbial survival due to
its highly acidic pH, which can reach values as low as 1-2. Consequently, microbial density in the
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stomach is substantially lower than in other gastrointestinal compartments. Nevertheless, several
acid-tolerant microorganisms are able to persist in this environment, including members of the
families Streptococcaceae and Enterobacteriaceae. A key microbial inhabitant of the stomach is
Helicobacter pylori, a bacterium capable of colonizing the gastric mucosa by neutralizing gastric acid
through urease activity. Colonization by H. pylori can profoundly alter the gastric microbial
ecosystem, often leading to reduced bacterial diversity and contributing to the development of
chronic gastritis, peptic ulcers, and gastric cancer [44].

In the small intestine, microbial density remains relatively low compared with the colon but
increases gradually along its length. The proximal small intestine, including the duodenum and
jejunum, contains relatively sparse microbial populations due to the presence of bile salts, digestive
enzymes, antimicrobial peptides, and rapid luminal flow. These conditions favor the growth of
facultative anaerobes and fast-growing bacteria, with genera such as Lactobacillus, Streptococcus, and
members of the phylum Proteobacteria being commonly detected. As intestinal contents move distally
toward the ileum, environmental conditions become more conducive to microbial colonization,
including reduced oxygen levels and slower transit times. Consequently, microbial diversity and
density increase substantially, and the microbial composition begins to resemble that of the colon
[45,46].

The colon represents the most densely populated microbial habitat in the human body,
containing up to 10'* microbial cells and accounting for the majority of the gut microbiota. The colonic
microbiome is dominated by the bacterial phyla Firmicutes, Bacteroidetes, and Actinobacteria, with
smaller contributions from Proteobacteria and Verrucomicrobia [4]. The anaerobic conditions and
prolonged transit time in the colon facilitate extensive microbial fermentation of dietary substrates
that escape digestion in the upper gastrointestinal tract. These substrates include complex
carbohydrates, resistant starch, and dietary fiber, which are converted into short-chain fatty acids
(SCFAs) such as acetate, propionate, and butyrate. These metabolites serve as important energy
sources for colonocytes and play key roles in regulating host metabolism, immune function, and
intestinal barrier integrity. In addition to luminal microbial populations, the colonic mucosal layer
hosts specialized microbial communities adapted to the mucus-rich environment. Mucin-degrading
bacteria such as Akkermansia and Ruminococcus contribute to the turnover and remodeling of the
mucus barrier, thereby supporting mucosal homeostasis and host-microbe interactions [44]. The
spatial organization of these microbial communities, distinguishing luminal from mucosa-associated
populations, represents an additional level of ecological complexity that influences gut health and
disease susceptibility.

4. Integration of the Birome and Archaeome

Although the spatial organization of bacterial communities along the gastrointestinal tract
represents a key aspect of gut microbial ecology, bacteria are not the only microorganisms inhabiting
this environment. Advances in high-throughput sequencing and metagenomic technologies have
revealed that the intestinal ecosystem also contains diverse viral and archaeal communities that
interact closely with bacterial populations. These additional microbial domains contribute to the
overall complexity, stability, and functional capacity of the gut microbiome. Consequently, a
comprehensive understanding of the intestinal microbial ecosystem requires consideration of not
only bacterial populations but also the virome and archaeome that coexist within the gut
environment. In recent years, advances in metagenomic sequencing have revealed that the intestinal
ecosystem also includes diverse viral and archaeal communities. These microbial domains,
collectively referred to as the virome and archaeome, contribute significantly to the ecological
stability, metabolic functionality, and evolutionary dynamics of the gut microbiome.

The intestinal virome consists predominantly of bacteriophages, viruses that infect bacteria, and
represents a highly diverse and dynamic component of the gut ecosystem. Among the most abundant
viral groups identified in the human gut are members of the orders Caudovirales, Microviridae, and the
recently characterized Assphages [47]. Bacteriophages play a fundamental role in shaping bacterial
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community structure through both lytic and lysogenic replication cycles. During the lytic cycle,
bacteriophages infect and lyse bacterial cells, thereby regulating bacterial population sizes. In
contrast, during the lysogenic cycle, phage genomes integrate into bacterial chromosomes as
prophages, potentially altering bacterial gene expression and metabolic capabilities [48].

Through these mechanisms, bacteriophages act as important regulators of microbial diversity
and ecological balance. They also facilitate horizontal gene transfer between bacterial hosts,
contributing to the dissemination of genes involved in metabolic pathways, antibiotic resistance, and
virulence. This process can drive rapid microbial adaptation within the intestinal environment.
Beyond their regulatory effects on bacterial populations, bacteriophages contribute to the ecological
resilience of the gut microbiome [48]. Environmental perturbations such as dietary changes,
infections, or antibiotic exposure can disrupt microbial community structure. Viral communities may
help restore ecological balance by selectively targeting dominant bacterial populations and
promoting microbial turnover. Studies have suggested that greater viral diversity is associated with
increased ecosystem stability, whereas reduced virome diversity has been linked to dysbiosis and
several disease states, including inflammatory bowel disease and obesity [49].

The archaeome represents another important yet historically underexplored component of the
gut microbiota. Although archaea are generally less abundant than bacteria and viruses, they play a
critical role in intestinal microbial metabolism. The human gut archaeome is dominated by
methanogenic archaea, particularly Methanobrevibacter smithii, which are specialized in utilizing
hydrogen and carbon dioxide generated during bacterial fermentation to produce methane [50]. This
metabolic interaction illustrates a key example of microbial syntrophy within the gut ecosystem.
During bacterial fermentation of dietary carbohydrates, hydrogen gas is produced as a metabolic
byproduct. Excess hydrogen can inhibit bacterial fermentation processes by shifting redox balance
and reducing metabolic efficiency. Methanogenic archaea alleviate this constraint by consuming
hydrogen, thereby maintaining favorable thermodynamic conditions for bacterial metabolism. As a
result, the removal of hydrogen enhances bacterial fermentation efficiency and promotes increased
production of beneficial short-chain fatty acids. Through this metabolic cooperation, methanogenic
archaea indirectly influence host energy harvest and intestinal metabolic activity [51,52]. Variations
in archaeal abundance have been associated with several physiological and pathological conditions.
For example, elevated levels of Methanobrevibacter smithii have been linked to constipation-
predominant irritable bowel syndrome, likely due to methane-mediated slowing of intestinal transit.
Conversely, alterations in archaeal populations have also been implicated in metabolic disorders such
as obesity (Borrel et al., 2020). Together, the bacterial microbiota, virome, and archaeome form a
highly interconnected and dynamic microbial ecosystem. Understanding the interactions among
these microbial domains is essential for developing a more comprehensive view of gut microbiome
function and its influence on human health and disease.

5. Physiological Functions of the Human Microbiota

Beyond its compositional diversity and spatial organization along the GI tract, the human
microbiota performs a wide range of physiological functions that are essential for maintaining host
homeostasis. As discussed in the previous sections, the gut microbial ecosystem consists not only of
bacteria but also of viruses and archaea that interact dynamically with each other and with the host.
These microbial communities form a highly integrated biological system capable of influencing
multiple physiological processes. The human microbiota colonizes several anatomical sites, including
the gastrointestinal tract, skin, respiratory system, and urogenital tract. However, the intestine,
particularly the colon, represents the most densely populated microbial habitat in the body. It is
estimated that the total number of microbial cells in the human body is comparable to the number of
human somatic cells, underscoring the close symbiotic relationship between the host and its resident
microorganisms. Rather than functioning merely as passive colonizers, these microorganisms act
collectively as a metabolically active organ that contributes to digestion, nutrient synthesis, immune
regulation, and systemic metabolic balance. Advances in microbiome research have demonstrated
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that microbial communities regulate key metabolic pathways, participate in the development and
modulation of the immune system, and mediate bidirectional communication between the gut and
distant organs such as the liver, brain, and cardiovascular system. Through the production of
metabolites, signaling molecules, and microbial-associated molecular patterns, the microbiota exerts
both local and systemic physiological effects. The following sections summarize the principal
physiological functions of the gut microbiota, focusing on its roles in maintaining intestinal barrier
integrity, regulating metabolism and nutrient availability, shaping immune responses, and
mediating communication between the intestine and other organs.

5.1. Maintenance of the Intestinal Barrier

One of the central physiological roles of gut microbiota is the maintenance of intestinal barrier
integrity [1]. The intestinal barrier is composed of several structural and functional components,
including the epithelial cell layer, tight junction proteins, the mucus layer, antimicrobial peptides,
and immune defenses. Together, these elements form a selective barrier that separates luminal
microorganisms and antigens from the underlying host tissues while permitting the absorption of
nutrients and water. The microbiota actively contributes to the preservation and regulation of this
barrier. Commensal microorganisms stimulate mucus production by goblet cells, enhance the
expression and organization of tight junction proteins, and promote the secretion of immunoglobulin
A (IgA), which helps neutralize pathogens and prevent their adhesion to epithelial surfaces.
According to Wells et al. (2022), these interactions play a critical role in maintaining mucosal
homeostasis and resistance to pathogen colonization [53]. Quirdés and Nusrat (2018) describe the
intestinal epithelium and lamina propria as a “selective barrier that separates luminal contents from
host tissues,” emphasizing the importance of microbiota—host interactions in maintaining epithelial
integrity [54]. Experimental evidence further supports this concept. Studies in germ-free mice have
demonstrated impaired epithelial regeneration and slower intestinal wound healing compared with
animals colonized by commensal microbiota, indicating that microbial signals are essential for
efficient epithelial repair. Certain bacterial taxa directly contribute to epithelial maintenance and
regeneration. Species belonging to the genus Lactobacillus, for example, promote the proliferation of
intestinal stem cells through signaling pathways involving reactive oxygen species [55]. Meanwhile,
Akkermansia muciniphila, a mucin-degrading bacterium enriched in hypoxic regions of the intestinal
mucus layer, contributes to mucosal remodeling and epithelial repair processes [54]. These
interactions illustrate the essential role of microbiota in maintaining intestinal barrier stability and
preventing microbial translocation.

5.2. Metabolic and Nutritional Functions

The gut microbiota plays a fundamental role in host metabolism by participating in the digestion
of dietary components that cannot be processed by host enzymes alone. Complex carbohydrates such
as dietary fiber, resistant starch, and certain oligosaccharides reach the colon largely undigested,
where they are fermented by anaerobic microorganisms. This fermentation process generates short-
chain fatty acids (SCFAs), including acetate, propionate, and butyrate, which represent key metabolic
intermediates within the gut ecosystem [56].

SCFAs perform several important physiological functions. Butyrate serves as the primary
energy source for colonocytes and supports epithelial barrier integrity, while propionate and acetate
participate in hepatic gluconeogenesis, lipid metabolism, and systemic energy regulation. In addition
to their metabolic role, SCFAs act as signaling molecules capable of modulating gene expression,
immune responses, and inflammatory pathways through interactions with host receptors and
epigenetic mechanisms. The microbiota also contributes to host nutrition through the synthesis of
essential micronutrients, including vitamin K and several B-group vitamins. Furthermore, microbial
metabolism influences the digestion and absorption of lipids and carbohydrates, thereby affecting
overall energy balance [57,58]. Nicholson et al. (2012) describe the gut microbiota as a metabolic organ
capable of extracting additional energy from dietary substrates that would otherwise remain
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inaccessible to the host [59]. Evidence supporting this concept comes from studies demonstrating that
germ-free animals exhibit reduced fat storage and altered metabolic profiles compared with
conventionally colonized animals. While this metabolic capacity is beneficial for energy harvest,
alterations in microbial composition may also contribute to metabolic disorders such as obesity and
metabolic syndrome.

5.3. Immune System Conditioning

Another essential function of the gut microbiota is the regulation and maturation of the immune
system. From early life onward, interactions between microbial antigens and host immune cells shape
both innate and adaptive immune responses [60]. This process promotes immune tolerance toward
beneficial commensal microorganisms while maintaining the capacity to respond effectively to
pathogens. Microbiota influences immune development through the production of metabolites, the
presentation of microbial antigens, and the release of microbe-associated molecular patterns that
interact with host pattern recognition receptors [61]. These interactions modulate immune signaling
pathways and help establish appropriate immunological thresholds, a phenomenon described as
“conditioned immunity” [62]. Early in life microbial exposure plays a particularly important role in
immune maturation. During infancy, colonization by maternal microbiota and microbial metabolites
contributes to the development of mucosal immune structures and regulatory pathways. Breast milk
further supports this process by providing human milk oligosaccharides, which function as
prebiotics that selectively stimulate the growth of beneficial bacteria such as Bifidobacterium and
Lactobacillus. These microorganisms contribute to pathogen exclusion and promote the development
of regulatory immune populations. Studies have shown that the gut microbiota stimulates the
accumulation of regulatory T cells as well as unconventional T cell populations such as mucosal-
associated invariant T (MAIT) cells and invariant natural killer T (iNKT) cells. Together, these
immune populations help maintain long-term immune tolerance and homeostasis [18].

5.4. Gut-Organ Communication

Beyond its local effects in the intestine, the microbiota exerts systemic influence through
bidirectional communication with distant organs. This interaction occurs through multiple pathways,
including metabolic, endocrine, immune, and neural signaling mechanisms. Collectively, these
interactions form several interconnected physiological axes, such as the gut-liver axis, gut-brain axis,
gut-kidney axis, and gut-skin axis [63].

The gut-liver axis is one of the most extensively studied examples of microbiota-mediated organ
communication. Microbial metabolites, microbial components, and bile acid derivatives produced in
the intestine can enter the portal circulation and reach the liver, where they influence metabolic
regulation, immune responses, and detoxification processes [64].

Similarly, the gut-brain axis represents a complex communication network linking the central
nervous system, the enteric nervous system, and the intestinal microbiota. This interaction occurs
through neural pathways such as the vagus nerve, as well as through circulating metabolites,
hormones, and immune mediators. Through these mechanisms, the microbiota can influence appetite
regulation, stress responses, and emotional behavior. As noted by Dicks (2024), human mental health
is strongly influenced by the intrinsic interaction between the central nervous system, the enteric
nervous system, and intestinal microbial communities [65].

5.5. Microbiota and the Nervous System

The microbiota also plays an important role in regulating both the enteric and central nervous
systems. Microbial metabolites and signaling molecules influence neuronal activity, neuroimmune
interactions, and the production of neurotransmitters. Several gut microorganisms are capable of
producing or modulating neurotransmitters, including serotonin, dopamine, gamma-aminobutyric
acid (GABA), and noradrenaline. For instance, Bacteroides thetaiotaomicron has been shown to
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influence neuronal density and glial cell activity within the enteric nervous system [66]. Meanwhile,
species of the genus Lactobacillus stimulate acetylcholine production, which is important for
regulating intestinal motility [65]. It is estimated that approximately 80-90% of the body's serotonin
is produced in the gastrointestinal tract, largely under the influence of microbial activity. Alterations
in this microbial regulation can affect intestinal permeability and contribute to disturbances in mood
and emotional regulation [67]. In addition, certain bacteria such as Enterococcus faecalis participate in
dopamine synthesis from L-DOPA, linking microbial metabolism with neurological processes related
to motivation, cognition, and behavior [68].

5.6. Metabolic Homeostasis

Finally, the gut microbiota plays a central role in systemic metabolic homeostasis [21]. Microbial
communities regulate energy extraction from food, influence lipid and glucose metabolism, and
modulate insulin sensitivity. Short-chain fatty acids derived from microbial fermentation act as key
metabolic regulators that influence hepatic gluconeogenesis, adipose tissue metabolism, and appetite
signaling. Nicholson et al. (2012) emphasize that microbial metabolites function as metabolic
mediators between the host and its environment, reinforcing the concept of the microbiota as a
metabolic organ [59]. Additionally, the interaction between intestinal microbes and hepatic
metabolism forms the basis of the gut-liver axis, which is essential for maintaining hepatic metabolic
balance [64]. An important example of microbiota-mediated metabolic regulation involves bile acids.
Gut microorganisms convert primary bile acids into secondary bile acids, which influence lipid
absorption and regulate signaling pathways involved in glucose and lipid metabolism. Dysregulation
of these processes has been associated with the development of metabolic diseases, including non-
alcoholic fatty liver disease, type 2 diabetes, and atherosclerosis [69].

6. Mechanisms of Host-Microbiota Interaction

The physiological functions described in the previous section arise from a complex network of
molecular interactions between the host and the intestinal microbiota. These interactions involve
metabolic signaling, immune modulation, neuroendocrine communication, and epithelial regulation.
Through these mechanisms, the microbiota contributes to maintaining intestinal homeostasis while
simultaneously influencing systemic physiological processes.

The commensal microbiota of the gastrointestinal tract plays a central role in regulating immune
responses, maintaining epithelial barrier integrity, and controlling inflammatory processes. Clinical
and experimental studies have shown that microbial metabolites, including SCFAs, polyamines, and
tryptophan derivatives, act as key mediators in host-microbiota communication. These molecules
strengthen epithelial defenses, modulate inflammatory signaling pathways, and promote immune
tolerance [70]. Because of this metabolic and immunological influence, strategies capable of
modifying microbial composition, such as dietary interventions, prebiotics, probiotics, and fecal
microbiota transplantation, have emerged as promising approaches for restoring beneficial metabolic
profiles and preventing chronic inflammatory diseases [4,10].

6.1. Immune System Interactions

A fundamental mechanism of host-microbiota interaction involves the bidirectional
communication between intestinal microorganisms and the host immune system. In mammals, the
immune system maintains continuous surveillance of intestinal microbial communities while
simultaneously tolerating beneficial commensal organisms [71]. This communication is mediated
primarily through interactions involving T lymphocytes, particularly Th17 cells, and B lymphocytes.
These immune cells facilitate signal transmission between the microbiota and host tissues while
promoting the secretion of antimicrobial peptides and immunoglobulin A (IgA). IgA plays a critical
role in mucosal immunity by neutralizing pathogens and preventing microbial adherence to
epithelial surfaces [72]. Through these mechanisms, a local immune defense circuit is established that
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complements the mechanical protection provided by the epithelial layer and intestinal mucus barrier
[70]. In the intestinal mucosa, commensal bacteria release SCFAs that stimulate mucus secretion and
the production of antimicrobial molecules. These responses enhance immune protection against
pathogens while preventing the absorption of harmful substances into intestinal lymphatic vessels.
In addition to IgA-mediated protection, microbial metabolites regulate immune cell differentiation.
Certain bacterial taxa, such as segmented filamentous bacteria and species like Akkermansia
muciniphila, induce differentiation of Th17 cells, CD8* T cells, and B cells, thereby strengthening
immune responses and immunoglobulin production. Conversely, Lactobacillus reuteri promotes the
development of tolerogenic intraepithelial lymphocytes, contributing to immune tolerance toward
commensal microorganisms [73].

6.2. Pattern Recognition Receptors and Molecular Signaling

Host epithelial and immune cells detect microbial signals through pattern recognition receptors
(PRRs), particularly Toll-like receptors (TLRs) and NOD-like receptors (NLRs). These receptors
recognize microbial-associated molecular patterns derived from commensal microorganisms and
initiate controlled signaling responses that regulate immune activation and epithelial homeostasis.
Microbial metabolites and structural components interact with TLRs expressed on intestinal
epithelial cells, including specialized enteroendocrine cells that establish direct connections with
neurons of the submucosal plexus. For example, bacterial metabolites can activate TLR2 signaling
pathways, triggering regulated inflammatory responses that stimulate epithelial proliferation and
contribute to the maturation of the enteric nervous system (ENS) [74]. These interactions illustrate
how microbial signals influence both immune and neural development within the intestine.
Importantly, the development of the ENS occurs largely during the postnatal period and is strongly
influenced by maternal microbiota transmitted through breastfeeding. Experimental models have
demonstrated that maternal milk contains cytokines and neurotrophic factors that contribute to
enteric neuronal maturation and immune regulation [75].

6.3. Dysbiosis and Host Neuroendocrine Regulation

Disruption of host-microbiota interactions can lead to dysbiosis, a condition characterized by
the loss of beneficial microorganisms, increased abundance of potentially pathogenic species, and
reduced microbial diversity. Dysbiosis has been associated with numerous inflammatory, metabolic,
and neurological disorders [12]. Host physiological factors, particularly stress, can significantly
influence microbial composition. Stress activates neuroendocrine pathways that release hormones
such as glucocorticoids, adrenocorticotropic hormone (ACTH), and catecholamines. These hormones
reach the intestinal lumen and directly affect bacterial physiology. Experimental studies have
demonstrated that stress hormones can stimulate bacterial proliferation, alter bacterial gene
expression through microbial receptors, influence bacterial motility in a dose-dependent manner, and
promote biofilm formation and epithelial adhesion [76]. These findings highlight the strong influence
of host neuroendocrine activity on microbial ecology.

6.4. The Microbiota—Gut—Brain Axis

Another important level of host-microbiota interaction involves communication between the
gut microbiota and the central nervous system (CNS). This communication occurs through multiple
interconnected pathways, including neural, endocrine, immune, and metabolic mechanisms, and
forms the basis of the microbiota—gut-brain axis. Intestinal microorganisms interact with the CNS
through vagal nerve signaling, circulating metabolites, immune mediators, and microbial
neurotransmitter production. Through these mechanisms, the microbiota can influence
gastrointestinal motility, emotional behavior, and cognitive function [77]. CNS also exerts reciprocal
regulation over the gut environment by modulating sympathetic and parasympathetic activity,
which influences intestinal motility, secretory functions, and immune responses. In addition, stress-
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related mediators released by the nervous system can alter microbial gene expression and community
composition [7,22]. This bidirectional communication supports the concept of a host-microbiome
mutualistic relationship in which the host provides nutrients and protective mechanisms while the
microbiota generates beneficial metabolites and supports immune tolerance.

6.5. Regulation of Hematopoiesis and Immune Cell Development

The microbiota also influences systemic immune development by stimulating myelopoiesis
through TLR signaling and microbial metabolites. These signals promote the maturation of
neutrophils and basophils in the bone marrow. Although microbiota does not directly alter the
development of hematopoietic stem cells, it influences their functional adaptation within specific
tissues [78]. Additionally, intestinal dendritic cells play an essential role in translating microbial
signals into systemic immune responses. These cells capture microbial antigens and present them in
mesenteric lymph nodes, thereby activating adaptive immune responses [79]. Commensal
microorganisms can enter immune surveillance pathways through epithelial damage, direct
sampling by dendritic cells, or transport through specialized M cells located in Peyer’s patches. Once
activated, immune responses are regulated by mechanisms including expansion of T cells with dual
receptors, cytokine-mediated activation, and molecular mimicry involving microbial antigens that
resemble host molecules [61]. MicroRNAs further contribute to these regulatory processes. Molecules
such as miR-21 and miR-31 influence intestinal permeability and epithelial proliferation during
inflammatory responses, thereby modulating host-microbiota interactions at the molecular level [73].

6.6. Neuro—Immune—Epithelial Coordination

The coordination between intestinal macrophages and enteric neurons represents another
important mechanism of host-microbiota interaction. This neuroimmune network regulates
intestinal motility, tissue repair, and immune surveillance. The enteric nervous system influences
microbial composition through peristalsis and secretion patterns, while microbial metabolites
regulate neuronal function and density within the intestinal wall [75]. Macrophages and enteric
neurons communicate through signaling molecules such as bone morphogenetic protein-2 (BMP2)
and colony-stimulating factor-1 (CSF1), which coordinate intestinal motility and immune responses.
Stress can disrupt this regulatory network by increasing intestinal permeability [80]. Hormonal
effects on epithelial and immune cells, along with mast cell activation, weaken tight junctions and
allow microbial translocation across the epithelial barrier. This process activates TLR signaling in
macrophages and triggers inflammatory cascades characterized by the release of proinflammatory
cytokines. As a result, a pathological cycle involving epithelial dysfunction, dysbiosis, and systemic
inflammation may develop [76].

6.7. Microbiota and Intestinal Angiogenesis

The intestinal microbiota also influences vascular development within the gut. Microbial ligands
can activate TLRs expressed on endothelial cells, triggering intracellular signaling pathways such as
MAPK and NF-xB that stimulate angiogenic factor production. Dietary factors strongly modulate
this process. High-fat diets increase intestinal permeability and promote proinflammatory responses
that stimulate angiogenesis. These vascular changes may contribute to the progression of metabolic
and inflammatory disorders [81].

6.8. Aging and Microbiota-Driven Inflammation

With aging, the intestinal mucosa undergoes progressive functional decline characterized by
reduced epithelial regeneration, increased intestinal permeability, decreased IgA production, and
reduced microbial diversity. In addition, the production of protective microbial metabolites,
particularly SCFAs, declines. These alterations contribute to a chronic low-grade inflammatory state
known as inflammaging, which has been associated with metabolic disorders, cardiovascular
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diseases, and neurodegenerative conditions. The central role of the gut microbiota in these processes
highlights the intestine as a key regulatory hub in age-related physiological decline [60,82].

7. Microbiota, Diet, and Lifestyle

The composition and metabolic activity of the intestinal microbiota are highly dynamic and
influenced by multiple environmental and host-related factors, including antibiotic exposure, dietary
habits, lifestyle, age, and geographic location. The importance of this microbial ecosystem lies in the
fact that approximately 95% of microbial products, particularly metabolites derived from fiber
fermentation, are directly linked to gastrointestinal physiology, blood pressure regulation, circadian
rhythm control, and neurological and immune function. Among these factors, diet represents one of
the most powerful modulators of microbiota composition and function.

7.1. Dietary Patterns and Microbial Composition

As for unfavorable dietary patterns, the Western diet, characterized by high consumption of red
meat, refined carbohydrates, processed foods, and sugars, has been associated with microbial
dysbiosis. This dietary pattern disrupts bile acid metabolism and alters microbial metabolic
pathways, promoting systemic inflammation [33,83]. These alterations may contribute to
neuroinflammatory processes, including microglial activation and reduced neuroplasticity, which
are associated with cognitive decline and neurodegenerative diseases. In contrast, healthy dietary
patterns rich in fiber, fruits, vegetables, whole grains, and nuts are associated with increased
microbial diversity and beneficial metabolic activity, i) Plant-Based and Vegan Diets: this type of diet
promotes the growth of carbohydrate-fermenting bacteria and increases the production of SCFAs
such as propionate and butyrate. These metabolites regulate metabolic pathways and reduce
inflammatory signaling, thereby lowering the risk of cardiovascular disease and type 2 diabetes [31];
ii) Mediterranean Diet: it is widely recognized for its beneficial effects on microbiota composition.
This dietary pattern promotes microbial production of SCFAs, including acetate, propionate, and
butyrate, which exert anti-inflammatory and metabolic regulatory effects. Additionally, adherence to
the Mediterranean diet increases microbial diversity, reduces oxidative stress markers, and decreases
proinflammatory cytokines while increasing anti-inflammatory mediators. These changes contribute
to the prevention and management of chronic diseases such as obesity and type 2 diabetes [84].

Across the life course, maternal diet during pregnancy strongly influences maternal microbiota
composition and microbial metabolite production. Diets rich in fruits and vegetables increase
microbial diversity and SCFA production, and these metabolites can cross the placenta, exerting anti-
inflammatory and metabolic effects on the developing fetus. Breast milk further contributes to
microbiota development by providing both probiotics (such as Bifidobacterium species) and prebiotics
in the form of human milk oligosaccharides (HMOs). These compounds support immune
development and protect infants against infections and inflammatory conditions. In older adults,
dietary modulation of microbiota has been associated with improvements in inflammation, frailty,
and cognitive function. Studies have shown that centenarians with preserved physical health exhibit
higher fecal concentrations of SCFAs compared with younger elderly individuals, supporting the
protective role of microbial metabolites in healthy aging [85-87].

7.2. Exercise and the Gut Microbiota

Physical activity represents another important host factor influencing microbiota composition
and metabolic activity. Exercise promotes a favorable microbial metabolic profile characterized by
increased production of SCFAs, particularly butyrate [88]. Butyrate plays multiple physiological
roles, including energy supply for colonocytes, regulation of gene expression, maintenance of
intestinal barrier integrity, and modulation of immune responses [89,90]. Through activation of
signaling pathways such as AMP-activated protein kinase (AMPK), microbial metabolites influence
skeletal muscle metabolism and energy utilization. Additionally, exercise-induced myokines exert
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anti-inflammatory effects that indirectly support microbial homeostasis. However, excessive or
prolonged physical activity, such as ultra-endurance exercise, may temporarily disrupt microbiota
balance and induce transient immunosuppression. For this reason, nutritional strategies including
prebiotic and probiotic supplementation are sometimes recommended for high-performance athletes
[91,92].

7.3. Sleep and Microbial Rhythms

Sleep patterns also influence microbiota composition and metabolic activity. Acute sleep
deprivation has been shown to alter microbial richness and beta diversity, contributing to systemic
inflammation and disruption of the blood—brain barrier. Chronic sleep deprivation further activates
the hypothalamic—pituitary—adrenal (HPA) axis and increases intestinal permeability, which may
exacerbate inflammatory responses and cognitive impairment [93].

8. Conclusion

The human gut microbiota represents a highly dynamic and spatially organized ecosystem,
whose composition extends beyond bacteria to include viruses, archaea, and fungi, collectively
shaping the metabolic, immunological, and neuroendocrine landscape of the host. Its physiological
contributions are multifaceted, encompassing maintenance of intestinal barrier integrity, modulation
of immune responses, fermentation of dietary substrates into bioactive metabolites, and participation
in critical organ—-microbiota axes such as the gut-brain and gut-liver pathways. Host-microbiota
interactions are orchestrated through molecular signals, pattern recognition receptors, immune cells,
and neuroimmune circuits, creating a reciprocal network essential for homeostasis. Environmental
factors, including diet, exercise, sleep, and aging, exert profound influence on microbial composition
and functional output, with dysbiosis linking directly to metabolic, inflammatory, and
neurodegenerative disorders. The accumulating understanding of these interactions underscores the
potential of microbiota-targeted interventions, including probiotics, prebiotics, dietary strategies,
and fecal microbiota transplantation, to restore eubiosis and improve systemic health. As research
advances, integrating multi-omics approaches and mechanistic studies will be crucial to unravel the
complexity of host-microbiota crosstalk and enable personalized strategies for disease prevention
and therapy. Ultimately, the gut microbiota emerges not merely as a microbial community but as a
central regulator of human health, whose preservation and modulation are pivotal across the
lifespan.

Despite substantial advances in understanding the gut microbiota, many aspects of host—
microbiome interactions remain unexplored, particularly the functional roles of the virome,
archaeome, and mycobiome. Future research integrating multi-omics, spatial mapping, and
longitudinal studies will be essential to delineate causal relationships between microbial
communities, metabolites, and systemic health. Personalized interventions tailored to an individual’s
microbiota profile, combined with dietary and lifestyle optimization, hold promise for preventing
and treating metabolic, immune, and neurodegenerative disorders. Furthermore, elucidating the
mechanisms underlying microbiota-driven modulation of the gut-brain and other organ axes may
open new avenues for therapeutic strategies targeting cognition, mood, and overall resilience.

Funding Source: This study was funded by the Facultad de Ciencias Médicas, Universidad de Mendoza,
through the 2025-2026 Chair Research Projects Program, under the direction of Dr. Bazzocchini.
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