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Abstract
The human gut microbiota represents a complex ecosystem of trillions of

microorganisms that functions as a virtual endocrine organ, regulating diverse
aspects of host physiology including digestion, energy metabolism, immune
education, xenobiotic processing, and neurobehavioral control. This comprehensive
review synthesizes current knowledge on the compositional dynamics, functional
mechanisms, and therapeutic targeting of the gut microbiota in the post-
metagenomic era. The gut microbial ecosystem is dominated by bacterial phyla
Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and Verrucomicrobia,
with keystone species such as Akkermansia muciniphila and Faecalibacterium
prausnitzii exerting  disproportionate ecological and  physiological influence.
Microbial metabolites particularly short-chain fatty acids, secondary bile acids,
and tryptophan catabolites serve as critical signaling molecules that coordinate
host responses along the gutbrain, gutliver, and gutimmune axes. Dxysbiosis,
characterized by reduced microbial diversity, depletion of butyrate-producing taxa,
and expansion of pathobionts, has been mechanistically linked to metabolic
disorders, inflammatory diseases, mneurological conditions, cardiovascular
pathologies, and cancer. The therapeutic landscape has expanded significantly to
include dietary interventions, prebiotics, probiotics, postbiotics, fecal microbiota
transplantation, and precision microbiome engineering. Emerging technologies
including multiomics integration, gnotobiotic models, and machine learning are
driving the transition from correlative observations to causal mechanistic
understanding. Despite substantial progress, challenges remain in defining a
universal "healthy microbiome," establishing causality, ensuring therapeutic
reproducibility, and addressing regulatory and safety concerns. Future directions
emphasize  personalized ~ microbiomebased  interventions,  standardized
methodologies, and ethical frameworks to translate microbiome science into
clinically actionable strategies for health preservation and disease prevention.
Keywords: Gut microbiota, dysbiosis, shortchain fatty acids, microbiota-gut-brain
axis, fecal microbiota transplantatio
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Introduction

The human gut is a complex and rapidly
changing community of microbes (gut
microbiota) that has co-evolved with humans over
millennia and formed a symbiotic relationship
that is deeply interdependent. This complex
microbial community, which is composed of
trillions of bacteria, archaea, fungi, viruses and
protozoa [1], carries several orders of magnitude
more genes than the human genome and
represents a virtual endocrine organ, regulating
aspects of host physiology from digestion and
energy balance to immune education, xenobiotic
metabolism, and neurobehavioral control [12].
Over the last decade, the gut microbiota has
emerged as an unprecedented research field,
driven by the combined contribution of high
throughput sequencing, metabolomics and
gnotobiotic animal models that have shed new
light on the mechanistic basis of microbiome-host
interactions and provided causality between
dysbiotic community patterns and a growing
number of human diseases. This comprehensive
review encompasses the state of the art on the
role of the gut microbiota in host health with a
focus on compositional and functional features of
a healthy gut microbiota, the molecular
mechanisms by which gut metabolites and
components interact with host cells and the
bidirectional communication along the gut-brain,
gutliver, and gutimmune axis that connects
microbial signals to physiological responses in the
host. The factors that affect the human gut
microbiota  throughout the lifespan are
considered, including the early colonization
process, delivery mode, and infant feedings, as
well as diet, medications, and environmental
exposures as adults. The mechanistic mechanisms
by which gut microbiota dysbiosis is involved in
the pathogenesis of metabolic disorders,
inflammatory diseases, neurological conditions,
and cancer are highlighted, as is the recent
therapeutic landscape of the gut microbiome,
which includes dietary interventions, prebiotics,
probiotics,  postbiotics,  fecal
transplantation, and precision microbiome

microbiota

engineering. By methodically reviewing recent
developments in the field of metagenomics,
culturomics and gnotobiotic technologies, we
pinpoint key knowledge gaps and define future
research directions to turn microbiome research
into clinically relevant solutions for maintaining
and restoring human health. The main terms and
definitions include: Gut microbiota, microbiome,
dysbiosis, microbial metabolites, short-chain fatty
acids, gutbrain axis, immune homeostasis,
probiotics,  prebiotics, fecal  microbiota
transplantation, metagenomics, and postbiotics.
1. Introduction Until relatively recently in
medical history, the multitude of microorganisms
that inhabit the human gastrointestinal tract were
considered only to be "passive commensals,"
meaning that they simply lived in harmony with
the host without affecting their host's physiology
or disease states. This view changed in the last
decades of the last century, however, as new
anaerobic culture methods and molecular
phylogenetic surveys showed an ecosystem of
staggering complexity, metabolic activity and
biodiversity. The groundwork for the rise of the
gut microbiota as a legitimate area of biomedical
study was laid by Carl Woese, who used
ribosomal RNA sequence information to develop
a universal phylogenetic framework [3], and
Jeffrey Gordon, whose lab built gnotobiotic
mouse models to investigate causal relationships
between gut microbiota and host metabolism [4].
This shift in thinking, from a "forgotten organ" to
a cornerstone in human biology, was driven by
the discovery that gut microbiota is not simply a
collection of passengers, but a dynamic,
responsive and metabolically active community
that is tightly integrated in the host's physiology,
and thus should not be viewed as a separate
entity. A turning point in microbiome science
came with the establishment of the Human
Microbiome Project (HMP) in 2007 and the
European consortium MetaHIT [5]. These
massive projects used shotgun metagenomic
sequencing and multi-omics platforms to generate
microbial community catalogues for a diversity of
humans, resulting in reference catalogues of
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millions of microbial genes [6]. It was the
metagenomic revolution which showed that the
human superorganism is actually capable of more
than two orders of magnitude greater metabolic
potential than the human genome, due to a
collective genetic repertoire of its gut microbiota,
comprising an estimated 3 to 9 million genes [7].
The gut microbiota exhibits  significant
biogeographical heterogeneity and taxonomic
diversity across the gastrointestinal tract, led by
Firmicutes, Bacteroidetes, Actinobacteria,
Proteobacteria and Verrucomicrobia [8], and
further enriched by the presence of archaea, fungi
and viruses. The microbial density along the
cephalocaudal gradient is extremely variable and
is influenced by pH, oxygen tension, and nutrient
availability. Sparse populations of acid-tolerant
genera are found in the stomach and proximal
small intestine, whereas the distal ileum and
colon are the core of the gut microbiome with
dense, taxonomically rich, obligately anaerobic
communities. This organization is further
supported by spatial compartmentalization of
luminal and mucosal populations, which are in
close contact with the host epithelium and
immune cells. In addition to taxonomic
composition, the gut microbiota can be regarded
as a virtual metabolic organ and the sum of its
gene content has a significant impact on the
host's physiological potential. The microbiome
contains metabolic pathways that are not present
in the human genome such as enzymes for
breakdown of complex polysaccharides, vitamin
synthesis, and transformation of bile acids. A key
characteristic is functional redundancy: in which

different taxa (those that are not closely related)
are encoding the same metabolic function, so
that ecosystem stability does not depend on
compositional changes. This redundancy suggests
that functional gene content instead of
taxonomic composition may be the more
important  factor in  determining  host
physiological outcomes. The health-associated
microbiome is thus studied more and more in an
ecological context, in which high microbial
diversity, resistance to perturbations, ability to
recover from insult, and maintenance of a set of
core metabolic functions, such as production of
short-chain  fatty acids and colonization
resistance, are key features [10]. In the present
review, we thoroughly synthesize current
knowledge on the role of gut microbiota in
maintaining host health, with a focus on
mechanistic understanding and translation. It
covers the composition and function of the gut
ecosystem, factors influencing the composition of
the gut ecosystem from birth to adulthood, and
mechanisms  of  communication  between
microbiota and host at the molecular level. The
evidence of dysbiosis in metabolic, inflaimmatory,
neurological, cardiovascular and malignant
diseases is explored, along with the therapeutic
landscape of dietary interventions, probiotics,
prebiotics, postbiotics, precision microbiome
engineering and fecal microbiota transplantation.
Methodological barriers, knowledge gaps, and
future directions that will facilitate the translation
of microbiome science into strategies for health
preservation and disease prevention are finally
discussed.
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Figure 1: Scematic Diagram of Overview of Human Gut Microbiota Glance Composition,
Biogeography, and Functional Organization

2. Composition, Diversity, and Dynamics of the
Gut Microbiota

2.1 Taxonomic Landscape of the Healthy Gut
Ecosystem

2.1.1 Dominant Bacterial Phyla: Firmicutes,
Bacteroidetes, Actinobacteria, Proteobacteria,
and Verrucomicrobia

The adult gut microbes in healthy individuals are
dominated by a handful of phyla in their
taxonomic structure. The most abundant and
taxonomically diverse component of the bacterial
community, the phylum Firmicutes represents
forty to sixty-five percent of the total bacteria
present and includes numerous functionally
important species such as the butyrate-producing

second major community is the phylum
Bacteroidetes, which accounts for about fifteen to
thirty-five percent of the gut community, and
includes bacteria of the genus Bacteroides,
Prevotella, Alistipes, and Parabacteroides. Their
most notable characteristic is that the Gram-
negative anaerobes have genomes that are quite
large, with hundreds of polysaccharide utilization
loci that allow them to break down a wide variety
of complex carbohydrates [13]. The phylum
Actinobacteria, usually a smaller community of
2-15% of the community, is represented by the
wellstudied and  health  beneficial — genus
Bifidobacterium which dominates the infant gut
during breastfeeding, largely due to its unique

genera Faecalibacterium, Roseburia, ability to utilize HMO in human breast milk [29].
Eubacterium, and Ruminococcus [16]. The The phylum Proteobacteria, which include the
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families Enterobacteriaceae and
Desulfovibrionaceae, normally accounts for 1-5%
of the total microbial community; expansion of
this phylum has been suggested as a microbial
signature of dysbiosis and epithelial dysfunction
[64]. The phylum Verrucomicrobia, mainly
represented by Akkermansia muciniphila, is a low
abundant, but functionally important member of
the health-associated microbiota, representing up
to 5% of the microbiota and responsible for a
disproportionately large role in the mucin
degrading activity and maintaining the integrity
of the mucosal barrier [15].

2.1.2 Keystone Species and Their
Disproportionate Ecological Influence

An understanding of how keystone species and
their disproportionate ecological impact can
affect an ecosystem's structure and function.
Community structure and function depend on
other components of the gut ecosystem, and the
role of some species is disproportionately high in
relation to their abundance, meaning that they
are keystone species in the complex microbial
network. For example, the mucin-degrading
activity of Akkermansia muciniphila produces
substrates, such as oligosaccharides and acetate,
for secondary fermenters, including Firmicutes
and butyrate-producing bacteria, which create
metabolic crossfeeding networks that maintain a
diverse and functionally rich community. Loss of
Akkermansia in obesity, type 2 diabetes, and
inflammatory bowel disease has mechanistically
been associated with barrier dysfunction and
metabolic inflammation [15]. Another keystone
species in the healthy human colon is
Faecalibacterium prausnitzii, a species that is
abundant and produces significant amounts of
butyrate, which contributes to the differentiation
of regulatory T cells which inhibit inappropriate
immune activation [16], to tight junction
integrity, and to nourishment of colonocytes.
Other keystone taxa are metabolic generalists
such as Bacteroides thetaiotaomicron, which can
switch between dietary polysaccharide and host
mucin utilization in response to dietary nutrient
availability, and Ruminococcus bromii, a
polysaccharide  specialist that can degrade

resistant starches [17], providing fermentable
substrates for a chain of crossfeeding
interactions. Mycobiome, Virome, and
Archaeome are the neglected kingdoms of human
health discussed in

2.1.3 The Gut Mycobiome, Virome, and
Archaeome: Neglected Kingdoms in Human
Health

Although much of the research has focused on
bacterial communities, there are also fungi,
viruses, and archaea that have been established in
the gastrointestinal tract that play an important
role in ecosystem function and host health, which
have been less studied. The gut mycobiome,
consisting primarily of fungi from the phyla
Ascomycota and Basidiomycota with
predominant genera of Candida, Saccharomyces,
and Malassezia [18], is a component of the gut
ecosystem that exists at low abundance but plays
an immune-protective role by interacting with
host pattern recognition receptors to regulate
innate and adaptive immune responses through
the presence of fungal cell wall components.
There is a dominance of the gut virome by
temperate bacteriophages, which are phages that
reside inside the bacterial genome as prophages,
and lytic phages, which are actively replicating
inside the bacterial genome and changing the
dynamics of the bacterial population and are able
to mediate horizontal gene transfer [19].
Methanogenic archaea are the most abundant
members of the gut archaeome, with the most
abundant species being a Thermodynamically
important species (Methanobrevibacter smithii)
that consumes hydrogen that is a product of
bacterial fermentation and prevents the build up
of the inhibitory end product [20]. The world is
divided into components.The world is
partitioned into parts.

2.2 Spatial
Specialization
2.2.1 Longitudinal Gradients Along the GI
Tract: pH, Oxygen, and Nutrient Availability

Longitudinal Gradients along the GI Tract: pH,
oxygen, and nutrients availability The gut
microbiota is highly spatially structured within

Organization and  Niche
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the gastrointestinal tract, influenced by high
gradients of pH, oxygen and nutrients. Stomach
is one of the extreme environments that are
characterized by having a pH of 1-3 and are
populated with a few microbial genera such as
acid-tolerant genera like Lactobacillus and
Streptococcus  and  the microbial population
density does not exceed 103 cfu/g. The
duodenum and jejunum are a transitional area in
which the acidic chyme is quickly neutralized by
bicarbonate secretions from the pancreas, with
short transit times and moderately higher oxygen
levels which favor facultative anaerobes. The
ileum is the site of a more favourable
environment for the growth of obligate
anaerobes, with 108 to 109 cells of bacteria per
milliliter. The colon is the middle of the gut
microbiome, with long transit times, neutral pH,
and strictly anaerobic conditions and complex
carbohydrates, which allow for the growth of
dense microbial communities of ten to the
eleventh to ten to the twelfth cells/g [21].

2.2.2  Mucosal-Associated Versus Luminal
Microbial Communities

The gut microbiota is not only horizontally
stratified along the gut but there is also important
transverse spatial organization between the
mucosal-associated community residing within or
in close contact with the mucus layer above the
intestinal  epithelium, and the luminal
community found in the central fecal stream. The
mucosal-associated microbiota exists in two layers
of mucus: the outer, loosely cross-linked, layer
provides an environment for specialists that break
down mucin, such as Akkermansia muciniphila,
and the inner, densely cross-linked, layer is more
resistant and sterile under conditions of
homeostasis [22]. The epithelial surface is
exposed to oxygen diffusing from the capillary-
rich lamina propria and creates a radial oxygen
gradient that decreases from the surface toward
the anaerobic lumen, allowing the presence of
microaerophilic bacteria at the mucosal surface,
as well as obligate anaerobes in the strictly anoxic
lumen. This distinction is relevant for the
sampling of the microbiome as faecal samples
tend to reflect the luminal population and may

not fully represent the population of
microorganisms in the mucosa associated with
the gut that is most relevant to host-microbe
interaction. The interaction between the crypt
habitat and the stem cell niche.

2.2.3 The Colonic Crypt Habitat and Stem Cell
Niche Interactions

The interaction between the habitat of the crypt
and the stem cell niche. The colonic crypt is a
specialized microenvironment at the tip of spatial
complexity of microbiota-host interactions which
contains the intestinal stem cell niche at its base
where LGR5+ stem cells are continuously
dividing and differentiating to replace the entire
colonic epithelium every 3-5 days. The microbial
community found in the lumen of the crypt is
different than the community on the mucosal
surface in that it is sparse, consisting of taxa that
are aerotolerant, which can survive the
microaerobic conditions caused by oxygen
diffusing from the metabolically active crypt base.
These microbes in the crypts reciprocally
communicate with stem cells, with microbial
metabolites such as butyrate being a major energy
source for differentiated colonocytes and a
histone deacetylase inhibitor (HDAC)
epigenetically regulating stem cell self-renewal
and  differentiation. = Under
conditions, there is only a small amount of direct
contact with the crypt base by microbes, and this
is actively maintained by secretions of
antimicrobial peptides and the constant flow of
mucus outwards from the crypts.

homeostatic

2.3 Temporal Dynamics Across the Human
Lifespan

2.3.1 Prenatal Microbial Exposure and the In-
Utero Colonization Debate

Fetal Exposure to Antibiotics and the In Utero
colonization Controversy The history of the
human gut microbiota has been traditionally seen
as one of sterility in utero, and the colonization
of the gut starting at birth. Studies indicating the
presence of low abundance bacterial DNA in the
placenta, amniotic fluid, and meconium of
uncomplicated pregnancies have challenged this
sterile womb paradigm, and led to the notion of a
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prenatal microbiome that can be programming
the fetal immune system. But this revisionist view
has been subjected to methodological criticism
and the prevailing view is that a stable gut
microbial community is more likely a postnatal
phenomenon, with the fetal gut being
functionally sterile under normal circumstances.

2.3.2 Delivery Mode, Feeding and Weaning and
the Assembly of the Gut Ecosystem

The mode of delivery is one of the most critical
and earliest factors influencing the early gut
microbiota composition. Vaginally born infants
receive microbial communities that are similar to
those found in the mother's vagina and feces and
are further enriched with the species of bacteria
that are present in the mother's body, such as
Lactobacillus, Prevotella, and Bacteroides species.
In contrast, c-section-born infants are colonized
by the skin microbes of caregivers and hospital
environment, and have lower baseline abundance
of Bacteroides and Bifidobacterium species along
with delayed colonization and persistent low
abundance of these microbes. Mode of infant
feeding also has a similar profound effect, with
human milk containing more than two hundred
structurally diverse human milk oligosaccharides
as high specificity prebiotic substrates for specific
Bifidobacterium species, including
Bifidobacterium longum subspecies infantis.
Weaning induces a dramatic shift in the gut
ecosystem which allows colonization of adult-type
taxa that are able to degrade complex
carbohydrates and produce butyrate.

2.3.3 Maturation towards an adultlike
configuration in early childhood:

The composition and function of gut microbiota
diversifies and matures progressively from
weaning to the first three to five years of life,
when it reaches a complexity typical of the adult
ecology. This maturation process involves
sequential acquisition of anaerobic taxa, growth
of butyrate-producing Firmicutes and stable
population of methanogenic archaea. The pace
and trajectory of microbiota maturation are
influenced by dietary fiber intake, exposure to
environmental microbes, and the cumulative

burden of antibiotic exposures, and perturbations
during this critical window may have lasting
consequences for immune function and
metabolic health. Successful coping in adulthood
involves stability and resilience.

2.3.4 Stability and Resilience in Adulthood

Adults successful coping involves stability and
resilience. When it reaches the adultlike adult
configuration, the gut microbiota shows very high
stability and resilience, with a very low intra-
individual  variability ~(at taxonomic and
functional levels) over long periods of time,
despite the continuous, small environmental
variations. This stability is an emergent property
of the complex ecological network, and is
supported by functional redundancy, metabolic
cross-feeding, and niche complementarity. The
gut microbiota of an individual has been shown
to be wvery stable and personalized, with
composition being more similar to another
sample taken months or years ago from the same
person than to a sample taken from another
person. This stability can, however, be disrupted
by large-scale events, such as antibiotic treatments
and drastic changes in diet, which can cause
short-term or long-term changes in the structure
of the communities. Immunosenescence and

Inflammaging, the Microbiome in Aging and the
Elderly.

2.3.5 Aging and the Elderly Microbiome:
Immunosenescence and Inflammaging

The aging process seems to have an observable
effect on the composition of the gut microbiota,
and the microbiome of aged individuals shows
compositional and functional changes that are
similar to the gradual loss of physiological
function seen in aging. Elderly people exhibit a
decrease in microbial diversity, as well as a
decrease in Firmicutes, which are bacteria that
produce butyrate and an increase of facultative
anaerobes and Proteobacteria. A series of changes
occurs with age, resulting from a decrease in
dietary fibre consumption, a decrease in intestinal
transit time, “polypharmacy” (the use of multiple
drugs) and the progressive decline in immune
function (immunosenescence) which can take the
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form of a chronic low-grade inflaimmatory state
(inflammaging) that changes the immune
environment of the gut mucosa. The microbe
community of healthy, older adults who live in
the community is more similar to that of younger
adults and centenarians often contain distinctive
microbial taxa that indicate that the ability to
maintain a diverse microbiota may be a factor in
healthy aging.

2.4 Inter-Individual Variability and the Concept
of Enterotypes

One of the hallmarks of the human gut
microbiota is that there is a significantly greater
variation in community composition between
individuals than within individuals over time. In
2011, the term enterotype was introduced to
describe the partitioning of human gut microbial

communities into discrete microbial states
dominated by Bacteroides, Prevotella or
Ruminococcus  [23]. The Bacteroides-driven
enterotype is linked to diet high in animal
protein and saturated fat, whereas the Prevotella-
driven enterotype is linked to diet high in fibre
and carbohydrates, more typical of agrarian
populations [24]. Follow-up research has revealed
a more complicated pattern: some research
indicates that there are enterotypes (discrete
communities), whereas others suggest that the
microbiota is more continuous than a category.
The prevailing view is that inter-individual
variation of the microbiota is continuous and
multidimensional and is influenced by the
cumulative effects of host genetics, chronic diet,
geographic location and drug use.

TABLE 1: Dominant Phyla and Key Genera of the Healthy Human Gut Microbiota and Their

Functional Contributions to Host Health

Key Health
) Primary Metabolic ,
Phylum Representative Genera ry Mechanisms &
Functions .
Metabolites
Treg induction
Carbohydrate s ’
fermentation; epithelial
Firmicutes Faecalibacterium, Roseburia, Lactobacillus butyrate ’ nourishment;
i butyrate,
production :
propionate
Immune
Polysaccharide modulation
) degradation; PSA) barrier
Bacteroidetes Bacteroides, Prevotella gra ’ ( N
propionate & | function;
vitamin synthesis propionate,
vitamin K
Infant immune
Oligosaccharide maturation,
Actinobacteria Bifidobacterium fermentation; pathogen
vitamin synthesis | inhibition;
acetate, folate
Gut homeostasis
Sulfate reduction; | marker (low
Proteobacteria Escherichia, Desulfovibrio ) o
’ f LPS biosynthesis abundance); LPS,
H,S
Barrier
) ) Mucin reinforcement
Verrucomicrobia | Akkermansia muciniphila . . ’
degradation anti-
inflammatory;
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propionate

Fusobacteria Fusobacterium

CRC-associated
pathobiont  (in
dysbiosis);
butyrate,
ammonia

Amino acid
fermentation

3.1 Host Genetics and the Heritability of
Microbial Taxa

The heritability of microbial taxa is a function of
host genetics. As expected, host genomic
variation has been shown to have a measurable
but limited effect on gut microbiome
composition in twin studies, in which the
composition of gut microbes is slightly, but
significantly, different between monozygotic twins
than between dizygotic twins. Christensenellaceae
is the most consistently heritable taxon, and has a
heritability of 30-60 per cent, linked to leanness
and metabolic health [25]. Genomewide
association studies have identified genes
associated with the immune system such as MHC
molecules and pattern recognition receptors with
microbial taxa abundance. Lactase gene is one
such example where lactase persistence genotypes
have higher abundance of Bifidobacterium with
dairy  consumption.  Nevertheless,  these
correlations don't cancel out the effects of
common environmental factors such as diet and
cohabitation, which have a far greater effect on
microbiota than host genetics [26], which has
positive implications for the modifiability of
microbiota using lifestyle interventions.

3.2 Early-Life Determinants of Microbiota
Assembly

Mode of delivery is the earliest and most
important modulator of the developing gut
microbiota. Infants delivered vaginally are
colonized by the genera Lactobacillus, Prevotella
and Bacteroides, while cesarean babies are
colonized by the genera characteristic of the skin
and environment [27] and have a lag time in the
colonization of Bacteroides and Bifidobacterium.
These differences remain for months to years and
have been linked to higher risks of allergic

disorders, asthma, obesity, and immune-mediated
disorders. The same is true of infant feeding, with
the presence of more than two hundred human
milk oligosaccharides in breast milk that
selectively  feed  Bifidobacterium  longum
subspecies infantis [28], creating a highly acidic
environment where pathogens are inhibited, and
barrier maturation and immune education occur.
More rapid maturation of the microbiota to an
adultlike configuration is obtained with formula
feeding. Epidemiological evidence of early-life
exposure to antibiotics and an associated higher
prevalence of obesity, inflammatory bowel disease
and allergic diseases [30], with the number of
courses receiving a higher prevalence, support
that antibiotic exposure is a powerful
perturbation to the developing ecosystem. The
house environment also influences the assembly
of microbiota, with children in larger families
having more diverse communities due to the
increased transmission of microbes, and pet
exposure - especially from dogs - correlating with
increased diversity and decreased allergic
sensitization due to regulation of T cells.

3.3 Dietary Patterns as the Dominant
Modulator in Adulthood

Within the adult environment, dietary intake is
shown to be the most important (and modifiable)
factor, and composition
determines the availability of substrates for
microbial metabolism [31]. Undigested complex
polysaccharides are the main fermentable
substrates that stimulate the production of short-
chain fatty acids (SCFAs) to favor the growth of
fiber-fermenting specialists, such as Prevotella,
Roseburia, and Bifidobacterium. High fat feeds
compromise intestinal barrier function via
decreased expression of tight junction proteins

macronutrient
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and increased permeability to LPS, which leads to
metabolic endotoxemia. Dysbiosis occurs by
multiple mechanisms in the western dietary
pattern, such as the disruption of the mucus
barrier by dietary emulsifiers which lead to
bacterial encroachment [33] and the impaired
glucose tolerance by artificial sweeteners that do
so through microbiota-dependent mechanisms
[34]. Intermittent fasting and time-restricted
feeding restore the diurnal oscillations of the
microbial community [38], identifying the critical
importance of meal timing besides meal
composition, and boost the abundance of taxa
that produce butyrate.

3.4 Pharmacological Perturbations of the Gut
Ecosystem

Antibiotics are the most powerful
pharmacological perturbagens; there are broad
spectrum antibiotics which induce profound
perturbations that may take weeks to months to
recover from and repeated exposure to these
antibiotics can lead to alternative stable states in
communities [37] that result in prolonged
enrichment of antibiotic resistance genes. In
addition to antibiotics, there are also many non-
antibiotics drugs that have off-target antimicrobial
properties [35]. The use of proton pump
inhibitors (PPIs) leads to higher stomach pH,
which leads to a decrease in the diversity of
microbes and an increase in the risk of enteric
infection. Metformin may promote the
enrichment of Akkermansia muciniphila and
short-chain fatty acid-producing taxa, aspects of
which have been shown to explain the
therapeutic effects of this drug; this effect is lost
in germ-free mice [36]. Antimicrobial activity of
SSRI and antipsychotics against various species of
gut microorganisms with chronic administration
leading to changes in gut microbiota profile.

3.5 Lifestyle and Environmental Factors
Microbial ~ diversity and  enrichment of
Akkermansia muciniphila and butyrate-producing
Lachnospiraceae and Ruminococcaceae are
independently associated with regular physical
activity. The gut microbiota shows distinct
diurnal fluctuations, synchronized by the host
circadian clock; dysbiosis and reduced glucose
tolerance is observed in gut following shift work
or irregular feeding patterns. Geographic
gradients show that there are clear differences in
phylogenetic diversity between hunter-gathers and
traditional agrarian populations [39], with the
former more closely related to each other than to
any Western population, and the latter also have
exceptional diversity when contrasted with those
of the Western world, with the presence of fiber-
fermenting specialists found in very low
frequency in Western populations [32] as a
reflection of their dietary pattern.

3.6 Host Physiological Status and Bidirectional
Feedback Loops

The full extent of host physiological status and
bidirectional feedback loops. The host physiology
responds to the gut microbiota and the gut
microbiota responds to the host physiology. An
increase in the rate of intestinal transit allows the
selection of rapidly proliferating taxa, whereas a
decrease in intestinal transit time favors the
expansion of methanogens and proteolytic
fermentation. Enterohepatic circulation of bile
acids is a crucial host-microbial co-metabolism
axis, with microbially altered secondary bile acids
being important for shaping the bile acid
community and binding to host nuclear receptors
such as FXR and TGR5 to fine-tune metabolism
and immunity [45]. The mucosal immune system
acts by producing antimicrobial peptides and IGs
A, and disruption of the communication between
them can lead to vicious cycles of microbial

translocation, immune activation and
perpetuation of dysbiosis.
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Figure 2: The Gut Microbiota Life Cycle — Factors Influencing Microbial Assembly, Maturation, and
Perturbation Across the Human Lifespan

4. Mechanistic Pathways of Microbiota-Host
Communication

4.1 Short-Chain Fatty Acids: The Archetypal
Microbial Mediators of Host Health

4.1 Role of the Archetypal Microbial Mediators
of Host Health (SCFAs) in Neuroinflammation
and Psychosis.

Microbiota-accessible carbohydrates are
fermented to produce shortchain fatty acids
(SCFAs), mainly acetate, propionate, and
butyrate. Acetate, which constitutes about 60% of
the total short-chain fatty acids, is synthesized by
a wide range of bacteria via the Wood-Ljungdahl
pathway. There are three pathways for the
production of propionate: succinate pathway of
the Bacteroidetes; acrylate pathway of specialized
Firmicutes; propanediol pathway of Roseburia
species [41]. Framed at one end by the butyryl-
CoA:acetate  CoA-transferase pathway using
exogenous acetate, butyrate is the preferred fuel
for colonocytes and is produced by a limited set

exemplify metabolic cross-feeding. All of these
metabolites interact with G-protein-coupled
receptors throughout host tissues, including
GPR43, which affects inflammation and
adipocyte function [40]; GPR41, which activates
secretion of glucagon-ike peptide-1 and peptide
YY from enteroendocrine L cells; GPR109A,
which has anti-inflammatory properties; and
Olfr78, which regulates renin secretion and
blood pressure [44]. In addition to the receptor-
mediated effects, butyrate acts as a strong histone
deacetylase (HDAC) inhibitor, epigenetically
upregulating tight junction proteins,
downregulating pro-inflaimmatory cytokines and
promoting differentiation of regulatory T cells
[43]. The tissue-specific effects include energy
provision to colonocytes (70% from butyrate)
[42], gluconeogenesis in the (from
propionate) and suppression of lipolysis in
adipose tissue (from propionate) and the CNS
(short-chain fatty acids; crossing blood brain

liver

of Firmicutes, such as Faecalibacterium barrier and influencing neuroinflammation and
prausnitzii and Eubacterium rectale, which neurotrophic factor expression).
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TABLE 2: Key Microbial Metabolites, Their Biosynthetic Pathways, Host Receptors, and Systemic

Health Effects
Metabolite Class Primary Producers Host Targets & Pathways | Systemic Health Effects
Bifidobacterium, Lipogenesis substrate;
Acetate Akkermansia, Bacteroides, | GPR43, GPR41 appetite regulation; blood
Prevotella pressure modulation
} ‘ Hepatic  gluconeogenesis;
Propionate Bactem@es, V€lll0’r.1€”a, GPR41, GPR43, Olfr78 satiety hormone secretion;
Roseburia, Akkermansia .
blood pressure regulation
Primary colonocyte fuel;
Faecalibacterium GPR109A, GPR41, | tight junction
Butyrate prausnitzii, Roseburia, | GPR43; HDAC | reinforcement; Treg
Eubacterium, Anaerostipes | inhibition induction; anti-

inflammatory

Secondary  Bile | Clostridium clusters, Bact
Acids (DCA, | eroides,

LCA) Bifidobacterium

Lactobacillus, | FXR, TGR5, PXR, VDR | energy

Lipid/glucose metabolism;
expenditure;
intestinal barrier protection

Indole-3-propionic | Clostridium

sporogenes, AhR, PXR

Barrier integrity; antioxidant
& neuroprotection; glucose

Acid (IPA) Peptostreptococcus
tolerance
Trimethylamine Cardiovascular risk; platelet
e Desulfovibrio, Clostridium, | Platelet activation o P
N-oxide (TMAO) , hyperreactivity; pro-
Enterobacteriaceae pathways )
Precursors atherosclerotic

4.2 Bile Acid Metabolism and Signaling

4.2.1 Microbial Bile Salt Hydrolases and the
Generation of Secondary Bile Acids

One of the most impactful examples of host-
microbial co-metabolism is the conversion of
host-synthesized primary bile acids into secondary
bile acids by the gut microbiota, which has
significant impacts on digestive physiology,
metabolic regulation, and immune function.
Cholic acid and chenodeoxycholic acid are the
primary bile acids produced in the liver from
cholesterol, which are conjugated with glycine or
taurine to allow them to be more soluble in
water, and released into the duodenum when fat
is consumed. Once delivered to the distal ileum
and colon, these conjugated bile acids become
exposed to a variety of enzymatic capabilities of
the microbial flora, the most common of which is
the enzyme bile salt hydrolase, which breaks the
amide bond between bile acids and their glycine
and/or taurine conjugates. The deconjugation
reaction is required for subsequent microbial
transformations and bile salt hydrolase activity is
encoded across all major phyla of the gut

microbiota, including Firmicutes, Bacteroidetes,
Actinobacteria and Archaea. The resulting free
bile acids enter the gut where the 7-alpha-
dehydroxylation reaction is carried out by a
subset of gut bacteria containing the bai operon,
mainly members of the Clostridium genus, which
results in the formation of the T7alpha-
dehydroxylated bile acids that are the dominant
bile acids in the human fecal bile acid profile.
Other microbial conversions involve oxidation
and epimerization of the hydroxyl groups at the
3, 7, and 12 positions by a variety of gut bacteria,
creating a myriad of bile acid species with distinct
and sometimes opposing physicochemical
properties and signaling activities. The net result
of these microbial changes is a pool of bile acids
of incredible structural diversity, each species has
a different affinity for a host bile acid receptor,
and so has a different effect on host physiology.
The activation of
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4.2.2 FXR and TGR5 receptors and their
metabolic and immune effects

Biological activities of bile acids rely on binding
to two major host receptor systems, the farnesoid
X receptor (FXR) and the G-protein-coupled
receptor TGR5, both of which are stimulated by
species of bile acids metabolized by the host's
microbiota, and are important points of crosstalk
between the microbial communities and host
homeostasis. FXR is a nuclear receptor that is
highly expressed in the liver, intestine and
kidney, and is the master transcriptional
regulator of bile acid biosynthesis, transport and
metabolism. Primary bile acids, especially
chenodeoxycholic acid, are the most powerful
endogenous FXR agonists and activation of
intestinal FXR leads to the induction of the
expression of the enterokine fibroblast growth
factor 19; this enters into the portal circulation
and leads to repression of hepatic bile acid
synthesis by downregulating the expression of
cholesterol 7 alpha hydroxylase. This FXR-FGF19
axis is the main negative feedback pathway
regulating bile acid pool size, and is heavily
regulated by the gut microbiota via deconjugation
and dehydroxylation of FXR agonists. TGR5 is a
cell membrane G-protein-coupled receptor that is
activated by secondary bile acids (particularly
lithocholic acid and deoxycholic acid), and is
expressed in  intestinal  epithelial  cells,
enteroendocrine L cells, immune cells and brown
adipose tissue. The activation of TGR5 on
enteroendocrine L cells leads to secretion of
proglucose-hormone  Glucagon-like  peptide-1
(GLP-1) [45], which results in better glucose
homeostasis, whereas activation of TGR5 on
macrophages and Kupffer cells leads to a decrease
in pro-inflammatory cytokines production and an
increase in anti-inflaimmatory phenotype. The
overall impact of bile acid FXR and TGR5
signaling involves integrating the gut microbiota
into the control of metabolic rate, insulin
sensitivity, energy expenditure, and immune
tone.

4.2.3 Bile Acid-Microbiota Crosstalk in
Enterohepatic Circulation

Bile acids and the gut microbiota act in a
regulatory circuit of enterohepatic crosstalk,
which is bi-directional and essential for metabolic
homeostasis. Conjugated bile acids have direct
antimicrobial activity due to their detergent effect
on the cell membranes of bile sensitive bacterial
taxa, they inhibit growth of bile sensitive species,
and deconjugated and secondary bile acids are
generally not as toxic and could be used as
growth substrates for bile acid metabolizing
specialists. The composition of the bile acid pool
therefore represents a strong selective filter which
selectively selects for maintenance of taxa that
metabolize bile acids and which favor the
exclusion of other bile-sensitive taxa. In contrast,
disruption of gut microbiota (using antibiotics)
leads to a reduction in the presence of bile salt
hydrolase and 7alpha-dehydroxylase activity,
changes the composition of the bile acid pool
towards an increase in the level of conjugated
primary bile acids, and has impact on FXR-TGR5
signaling  (including  reduced FXR-FGF19
feedback inhibition and increased bile acid pool).
Re-establishment  of  bile
equilibrium after perturbation is a crucial step in
metabolic and inflammatory axis re-balancing,
and the modulation of microbial bile acid

acid-microbiota

metabolism (probiotics) and the use of bile acid
sequestrants or FXR agonists, are promising
therapeutic approaches for the treatment of
metabolic and inflammatory diseases.

4.3 Tryptophan Metabolism and the Aryl
Hydrocarbon Receptor (AhR) Axis

4.3.1 Microbial Tryptophan Catabolites:
Indoles,  Indole-3-Propionic  Acid, and
Kynurenine Pathway Intermediates

The essential aromatic amino acid tryptophan is
the substrate for a complex and physiologically
relevant network of microbial ~metabolic
transformations that yield a wide range of indole-
containing  metabolites, with  pronounced
biological activities. Tryptophan is metabolized in
the gut microbiota by three major enzymatic
pathways that produce different metabolites that
interact with specific host receptors and signaling
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pathways. It is one of the most widely distributed
microbial tryptophan metabolic activities, which
result in the production of indole by the action of
tryptophanase, followed by additional microbial
or host modification to produce indole-3-
propionic acid, indole-3-acetic acid, indole-3-
aldehyde and indoxyl sulfate. The indole-3-
propionic  acid produced by Clostridium
sporogenes and related species has recently been
of particular interest for its strong antioxidant
and neuroprotective activity, and its ability to
promote the integrity of the intestinal barrier and
glucose tolerance in preclinical models [46]. An
indirect effect of microbial modulation of
tryptophan availability is also the influence on
host kynurenine pathway, the principal pathway
of host tryptophan catabolism that vyields
metabolites  with  immunomodulatory  and
neuroactive properties, such as kynurenic acid
and quinolinic acid. Therefore, the relative
abundance of different tryptophan metabolites of
varying and even opposing biological activities is
determined by the balance between microbial and
host tryptophan metabolism, making the gut
microbiota a powerful modulator of tryptophan-
dependent physiological processes.

4.3.2 AhR-Mediated Regulation of Intestinal
Immunity and Barrier Function

Microbial tryptophan metabolites have been
identified as key  players in the
immunomodulatory and barrier-protective effects,
and the aryl hydrocarbon receptor (AhR) has
become a key mediator of these effects. AhR has
been detected in a variety of host cell types such
as intestinal epithelial cells, intraepithelial
lymphocytes, innate lymphoid cells, dendritic
cells, Th17 and regulatory T cells, making this
gene a key point in the translation of microbial
signals to mucosal immunity. Microbial
tryptophan catabolites, such as indole-3-aldehyde,
indole-3-acetic acid and indole-3-propionic acid
are weak agonists of the AhR, with different
levels of potency and downstream signaling
effects. AhR activation in intestinal epithelial
cells upregulates expression of tight junction
proteins and mucins to maintain epithelial

barrier function, and activation of AhR in group
3 innate lymphoid cells leads to production of
the cytokines interleukin-22 [47], which are
critical for mucosal defenses, epithelial
regeneration, and induction of antimicrobial
peptides. In the dendritic cells and macrophages,
AhR  signaling contributes to an anti
inflammatory cell state and facilitates the
polarization of regulatory T cells to regulate
immune  homeostasis  against commensal
antigens. The AhR-tryptophan metabolite axis is
also of critical importance in the regulation of
intraepithelial ~ lymphocytes, an  unique
population of tissue-resident T cells located at the
interface between the epithelium and the
gastrointestinal lumen, which is essential for
monitoring the integrity of the gut barrier and
being one of the first cells to respond to epithelial
stresses. Impaired functioning of this axis, due to
dietary tryptophan deficiency, depletion of
tryptophan-metabolizing bacteria as a result of
antibiotic therapy or genetic AhR deficiency,
disrupts intestinal barrier function and increases
intestinal  inflammation, whereas restoring
tryptophan availability by dietary
supplementation or by using probiotics that
produce AhR agonists has demonstrated
therapeutic efficacy in preclinical colitis models.

4.4 Structural Microbial Components and
Pattern Recognition Receptor Engagement
4.4.1 Lipopolysaccharide, Peptidoglycan, and
Flagellin: TLR and NOD Signaling

In this module, students will investigate the
mechanism by which LPS, peptidoglycan, and
flagellin signal through ~ TLRs and
NOD:s.Students will explore in this module how
LPS, peptidoglycan and flagellin signal through
TLRs and NOD:s. In addition to their secreted
metabolites, gut bacteria interact with the host
immune system with their structural components
recognized by a large array of host cell pattern
recognition receptors on the cell surface,
endosomes and in the cytoplasm. The major
component of the outer membrane of Gram-
negative bacteria, lipopolysaccharide (LPS) acts in
concert with the co-receptors, CD14 and MD-2,
binding to Toll-like receptor 4 (TLR4), triggering
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downstream signal pathways that lead to nuclear
translocation of NF-kappa-B and expression of
pro-inflammatory cytokines, chemokines and
antimicrobial ~ effectors.  In  homeostatic
conditions, the mucus barrier separates
lipopolysaccharide-bearing bacteria from the
epithelial surface and the production of host
enzymes secreted from the gut that inactivate
lipopolysaccharide  protects  against TLR4
activation and keeps the immune system
quiescent, such as intestinal alkaline phosphatase.
However, when intestinal barrier breaks down
and lipopolysaccharide translocates into the
circulation, this event referred to as "metabolic
endotoxemia" has been associated with the
chronic low-grade inflammation that is a
hallmark of obesity, type 2 diabetes and
cardiovascular disease [48]. The rigid polymer of
peptidoglycan,  which  confers shape and
mechanical strength into the bacterial cell walls,
is recognized by the cytosolic nucleotide-binding
oligomerization  domain  proteins, NODI
recognizes gamma-D-glutamyl-meso-
diaminopimelic acid present in Gram-negative
peptidoglycan, and NOD2 recognizes muramyl
dipeptide present in both Gram-positive and
Gram-negative peptidoglycan. The structural
component of bacterial flagella, flagellin, is
detected by Toll-like receptor 5 on the basolateral
surface of intestinal epithelial cells, which allows
for detection of flagellated bacteria that are able
to penetrate the epithelial barrier, but not
stimulate nonsensitive commensals in the gut
lumen. The spatial segregation of these pattern
recognition receptors, with TLR5 being localized
to the basolateral compartment and NOD
proteins being located intracellularly, accounts
for the fact that the host responds strongly to
invasive pathogens, but is tolerant to the dense
luminal microbiota.

4.4.2 Capsular Polysaccharide A from
Bacteroides fragilis and Treg Induction

The Bacteroides fragilis capsular polysaccharide A
effectively induces Tregs in vitro and in
vivo.Bacteroides fragilis capsular polysaccharide A
is very effective at inducing Tregs in vitro and in
vivo. Polysaccharide A is a zwitterionic capsular

polysaccharide produced by B. fragilis that is a
paradigm-shifters in the gut microbiota for its
ability to promote gut immune tolerance by
inducing the generation of regulatory T cells. It is
unique among bacterial capsular polysaccharides
in having both positive and negative charge in the
repeating tetrasaccharide units that is required
for the immunomodulatory activity and ability to
be processed and presented by major
histocompatibility complex class Il molecules on
antigen presenting cells. Polysaccharide A is
internalized and processed by dendritic cells
(DCs), which present the antigen to CD4+ T cells
in the context of MHC class II, causing CD4+ T
cells to differentiate into regulatory T cells that
secrete [L-10 [58] which inhibits the activation of
effector T cells and reduces inflammation in the
intestinal tissue. The protective role of
polysaccharide A-producing Bacteroides fragilis
has been shown in various pre-clinical models,
such as experimental colitis and neuro-
inflammatory disease, where adoptive transfer of
polysaccharide A-induced regulatory T cells
recapitulates protection, establishing a causal link
and a Treg-dependent immunomodulatory role.
The polysaccharide A paradigm suggests a
molecular precedent that should be a basis to
explore other microbial molecules that can
induce tolerogenic immune responses and to
develop candidates for possible therapeutic use in
inflammatory and autoimmune diseases. The
production of antimicrobial peptides is regulated

by

4.4.3 Muramyl Dipeptide and NOD2:

The ability of NOD2 to recognize muramyl
dipeptide is one of the best characterized
examples of how a host pattern recognition
receptor recognizes a highly conserved bacterial
structure and triggers an appropriate and
physiologically important antimicrobial response.
NOD2, which is expressed in the cytosol of
Paneth cells, intestinal epithelial cells and cells of
monocyte lineage, recognizes muramyl dipeptide
in the intracellular space or released into the
extracellular space. The activation of NOD?2
activates the secretion of alpha-defensins, which
are powerful antimicrobial peptides that
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influence the composition of small intestinal
microbiota and protect against enteropathogenic
bacteria in Paneth cells of the small intestine. The
relevance of this NOD2/muramyl dipeptide-
Paneth cell axis for intestinal homeostasis is
highlighted by the fact that loss-of-function
mutations of the NOD2 gene are the strongest
genetic risk factor for Crohn's disease [49] and
patients with these mutations have impaired
secretion of antimicrobial peptides by the Paneth
cells, which leads to changes in the spatial
organization and composition of the small
intestinal microbiota. In addition to the Paneth
cells, activation of NOD2 in intestinal epithelial
cells leads to the production of other
antimicrobial effectors and chemokines which
regulate mucosal immune responses, and
activation in antigen-presenting cells affects
polarization of T helper cell responses and the
balance between tolerance and inflammation.
The NOD2 pathway is a perfect example of the
complex and evolutionarily well conserved
molecular dialog that the host uses to detect and
react to the microbiota present in the gut, and is
a good example of the pathological events that
follow when such dialogue is disturbed. Identify
how microorganisms are used in the production
of neurotransmitters and neuroactive
metabolites.Explain the use of microorganisms in
the production of neurotransmitters and
neuroactive metabolites.

4.5 Microbial Neurotransmitter Production and
Neuroactive Metabolites

4.5.1 Synthesis of GABA, Serotonin, Dopamine
and Acetylcholine by Gut Bacteria

The gut microbiota has also demonstrated an
extraordinary and growing ability to synthesize
and regulate structurally similar or functionally
related neurotransmitters and neuroactive
metabolites  that can  modulate  host
neurophysiology and behaviors, providing a
direct molecular link by which the gut microbiota
can regulate host neurophysiology and behavior.
A wide variety of species in the gut, such as those
of Lactobacillus, Bifidobacterium and
Bacteroides, produce gamma-aminobutyric acid,
or GABA, the main inhibitory neurotransmitter

of the central nervous system, using the same
enzyme that GABAergic neurons use, glutamate
decarboxylase [52]. Lactobacillus and
Bifidobacterium strains have been shown to
produce GABA at physiologically relevant levels
in vitro, and their oral administration has been
shown to alter the expression of GABA receptors
in the brain and to have anxiolytic and
antidepressant-like effects in animal models. The
gut microbiota exerts a multitude of effects on
serotonin, a monoamine neurotransmitter that
plays a critical role in the regulation of mood,
appetite, gastrointestinal motility and visceral
sensation. Although the majority of serotonin in
the body is produced by enterochromaffin cells of
the gut epithelium instead of bacteria, the gut
microbiota  regulates  peripheral  serotonin
production by stimulating enterochromaffin cell
expression of tryptophan hydroxylase and
secretion of serotonin [51] through the
production of shortchain fatty acids and
secondary bile acids. Some gut microbes, such as
species of Lactococcus, Lactobacillus and
Streptococcus, have aromatic amino acid
decarboxylases that convert L-DOPA into
dopamine - the neurotransmitter responsible for
feeling good and making most of the body's other
systems function properly. Other bacteria
produce  acetylcholine, the  predominant
neurotransmitter of the parasympathetic nervous
system.

4.5.2 Neuroactive Metabolite Transport across
the Intestinal and Blood-Brain Barriers

Microbially produced or modulated neuroactive
metabolites have to pass through two major
biological =~ barriers, namely the intestinal
epithelial barrier and the blood-brain barrier, to
exert effects on the functioning of the central
nervous system. Microbial
metabolites are translocated across the intestinal
epithelium via both paracellular and transcellular
pathways, and the extent of flux of any of these
metabolites from the gut lumen to the portal and
systemic circulation depends on the integrity of
the tight junctions, the expression of specific
transporters and the metabolic activity of
enterocytes. Short-chain fatty acids, such as

neuroactive

https://fmhr.net

| Noureen et al., 2026 |

Page 2178



Volume 4, Issue 3, 2026

Frontier «n

Medical & Health
Research

ISSN: (e) 3007-1607 (p) 3007-1593

butyrate and propionate, enter the brain through
monocarboxylate transporters which are highly
expressed in brain endothelial cells; some of the
microbially synthesized indole derivatives, as well
as neuroactive amino acids, can enter the brain
through specific amino acid transporters. The
permeability of both barriers is also regulated by
the gut microbiota with microbial metabolites
having been shown to regulate the expression of
tight junction proteins in intestinal epithelial
cells and transport proteins in brain endothelial
cells, establishing regulatory loops where gut
microbes affect their own access to host target
tissues. The idea that microbial neuroactive
metabolites can cross these barriers to reach the
brain, and thus modulate the brain-gut axis, has
rewritten the psychology books and paved the
way for new therapeutic strategies that focus on
the gut microbiota for treating neuropsychiatric
disorders [50] such as depression, anxiety and
neurodegenerative diseases.

4.6 Extracellular Vesicles and Nanovesicles as
Interkingdom Messengers

Extracellular vesicles (EVs), outer membrane
vesicles secreted by Gram-negative bacteria as well
as membrane vesicles secreted by Gram-positive
bacteria, are a novel, mechanistic and potentially
underestimated way of communication between
the microbiota and host cells, allowing them to
deliver concentrated cargo of microbial molecules
to host cells over long distances. Bacterial
extracellular vesicles are nanoscale (20-200nm)
spherical lipid-bilayer-enclosed structures, which

are constitutively excreted during bacterial
growth, and carry a cargo of proteins, lipids,
nucleic acids, and metabolites representative of
their parent bacteria. These vesicles can pass
through the intestinal mucus barrier, enter the
epithelial cells, and enter systemic circulation and
can even reach other organ systems such as the
liver, adipose tissue, and brain. The mechanisms
of interaction of ECVs with host cells include
direct fusion with the plasma membrane of the
host cell, endocytosis and delivery of their
contents into the host cell, and stimulation of
cellsurface  receptors by  ECV-associated
molecules. Extracellular vesicles secreted by gut
microbiota contain immunomodulatory
molecules such as lipopolysaccharide,
peptidoglycan, DNA, and other molecules that
activate the pattern recognition receptors, and
enzymes that are able to metabolize host
substrates and can alter cellular function [54].
Animal models and human studies have shown
that EVs from gut microbes have the ability to
affect intestinal barrier function, systemic
immune tone, and metabolic homeostasis, and
that their composition changes in disease states,
indicating that they could be used as a biomarker
and therapeutic target. The role of extracellular
vesicles in noncell-tononcell communication
between the gut microbiota and the host is a
novel area of complexity and specificity for the
molecular interactions between the two and
further studies are needed to elucidate their
contribution to disease pathogenesis and
therapeutic exploitability.
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The Gut Microbiota as a Central Integrator of Host Physiology —

Multi-Organ Communication Axes

[ The gut microbiota communicates with dlstant organs through immune, neural, endocrine, metabolic, and microbial-derived pathways, }
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Axes

5. Physiological Roles of the Gut Microbiota in
Maintaining Host Health

5.1 Nutrition and Energy Metabolism
5.1.1 DPolysaccharide Degradation and
Liberation of Absorbable Monosaccharides
The gut microbiota is a metabolic partner of the
host that provides it with the ability to break
down an enormous number of complex dietary
polysaccharides that cannot be degraded by the
host's enzymes in the small intestine. There are

the

cellulose, hemicellulose, pectin and resistant
starch are structurally intact once they enter the
colon. In contrast, the collective metagenome of
the gut microbiota contains tens of thousands of
carbohydrate-active  enzymes organized into
polysaccharide utilization loci that enable glycan
binding, import, and degradation in a step-wise
manner. This metabolic specialisation is
demonstrated by the Bacteroidetes phylum in
which a single Bacteroides thetaiotaomicron
than two hundred

only a few glycoside hydrolases encoded in the genome contains more
human genome, so many polysaccharides such as glycoside  hydrolases [14]. This microbial
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digestion of indigestible polysaccharides to
absorbable monosaccharides boosts the efficiency
in the host's ability to extract calories from the
diet by as much as ten to fifteen percent [11].

5.1.2 Short-Chain Fatty Acids as Caloric Sources
and Metabolic Signaling Molecules

A short-chain fatty acid is a fatty acid with a short
chain of carbon atoms, typically less than
six.Short-chain fatty acid is a fatty acid with a
short chain of carbon atoms, usually no more
than six carbon atoms. The short-chain fatty acids
produced in the gut by the microbiota can
provide metabolic signals to the host, but can also
be used as caloric commodities. Butyrate is
produced in the colonic lumen and is used by
colonocytes as their preferred respiratory fuel,
providing around 60-70 per cent of their energy
needs. Most acetate and propionate that are not
utilized in the colon are absorbed into the portal
vein and  propionate is  utilized in
gluconeogenesis; acetate is absorbed into
peripheral tissues for oxidation. In addition to
their role in calories, short-chain fatty acids
interact with G-protein coupled receptors on
enteroendocrine cells to trigger the release of
peptide YY and glucagon like peptide-1,
hormones that lead to satiety and insulin
secretion, thereby linking gut microbial
metabolism and host energy balance.

5.1.3 Vitamin Biosynthesis: K, B12, Biotin,
Folate, Thiamine, Riboflavin, and Pyridoxine:

The gut microbiota is an important endogenous
source of many important micronutrients, which
are synthesized by the gut microbiota via
dedicated biosynthetic pathways encoded within
the gut metagenome. Different types of bacteria
in the gut, such as Bacteroides, Escherichia and
Enterococcus species synthesize Vitamin K, an
essential cofactor for the gamma-carboxylation of
clotting factors. The taxa that produce B-group
vitamins, such as biotin, folate, cobalamin,
thiamine, riboflavin and pyridoxine, are different
in their biosynthetic abilities and Bifidobacterium
and Lactobacillus species are abundant producers
of folate. This importance of microbially
synthesized vitamins for host status has been

shown in experiments in which germ free animals
have been found to need increased dietary
requirements for vitamins [12]. Your babies' diet
should consist of a variety of nutrient-rich foods,
including calcium, magnesium, iron and zinc.

5.1.4 Mineral Absorption:
Magnesium, Iron, and Zinc

The gut microbiota has a significant impact on
the bioavailability and absorption of key minerals
by several complementary mechanisms. The
acidification of the colonic lumen by short-chain
fatty acids decreases the pH of the colon and, as a
consequence, increases the passive paracellular
absorption of calcium and magnesium across the
colonic epithelium. Specific gut bacteria, such as
Lactobacillus and Bifidobacterium species, are
able to synthesize phytase enzymes to aid in the
bioavailability of minerals by breaking down the
major storage form of phosphorus in plant seeds,
phytic acid, which chelates divalent cations
(calcium, iron and zinc) and makes them
unavailable to the absorption process. Under the
topic of Xenobiotic and Phytochemical
Transformation discusses the activation of dietary

Calcium,

polyphenols.

5.1.5 Xenobiotic and
Transformation:

Phytochemical

Activation of Dietary Polyphenols is part of the
topic. The gut microbiota acts as a flexible
chemical transformer that metabolizes dietary
phytochemicals to a great extent, which
profoundly affects their bioavailability and
bioactivity. Consumption of polyphenols is high,
but their native glycosylated and polymeric forms
are poorly orally bioavailable, a condition that is
addressed by the hydrolysis of these compounds
from the diet.Polyphenols (flavonoids, phenolic
acids and lignans) are consumed in large
quantities but in their natural glycosylated and
polymeric forms are poorly orally available, which
is addressed by their hydrolysis from the diet. In
the gut, the microbiota has the capacity to
metabolize  polyphenols by hydrolytic and
reductive processes, to form smaller molecules
that are more bioavailable and can show
increased bioactivities as compared to the parent
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compounds. The interindividual variation in
polyphenol metabolism is due to the different
composition of gut microbiota, which is
responsible for inter-individual variability in
human response to dietary polyphenol intake.
The development, education and maintenance of
the immune system

5.2 Immune System Development, Education,
and Maintenance

5.2.1 Neonatal Immune Maturation: The
Critical Window of Microbiotalmmune
Crosstalk

Courses are not recorded in the database if they
are cancelled or relocated to a later date.Courses
not scheduled in the database due to cancellation
or rescheduling are not included. The
establishment of the gut microbiota in the
neonatal period is timely, aligning with a critical
window of immune system maturation, and the
microbial communities are essential in shaping
the developmental processes in the newborn gut.
The neonatal immune system is pro-tolerogenic
and pro-inflammatory, and microbial signals from
specific taxa, such as Bifidobacterium species, are
crucial for initiating and guiding immune
maturation.  Microbial  colonization  drives
development of gut associated lymphoid tissue,
such as Peyer's patches and mesenteric lymph
nodes, and expansion and differentiation of
various immune cell types. Germ-free animals
have severe deficiencies in lymphoid tissue
organization [55] and defects in the functional
maturation of several immune cell subsets that
can be largely corrected during a critical window
of early life, through the process of
conventionalization.

5.2.2 Induction and Maintenance of Oral
Tolerance

The oral tolerance is a systemic immunologic
unresponsiveness to antigens through ingestion
that is influenced to a very great extent by the gut
microbiota. Oral tolerance depends on the
coordinated function of tolerogenic DC that
sample luminal antigens and present them to
naive T in a tolerogenic context for promotion of
regulatory T cell differentiation. The gut
microbiota does this via several complementary

mechanisms: some metabolites, such as butyrate
and propionate, produced by the gut microbiota
inhibit the differentiation of regulatory T cells
through histone deacetylase (HDAC) inhibition,
while another metabolite, polysaccharide A (PSA)
from Bacteroides fragilis, directly promotes
regulatory T cell expansion and interleukin-10
(IL-10) production [58]. Loss of oral tolerance
mechanisms is the cause of food allergies and
celiac disease.

5.2.3 T Cell Differentiation: Th17/Treg Balance
and Effector Function

The gut microbiota has an important role in the
polarization and differentiation of CD4+ T
helper cells, and specific microbial taxa are
important in the polarization of different T
subsets [59]. Segmented filamentous bacteria have
been shown to be potent and specific Th17-
inducing bacteria [56] that are crucial for the
defense of extracellular pathogens at mucosal
surfaces. In contrast, a group of Clostridium
clusters IV and XIVa helps to increase the
number of regulatory T cells in the colon [57] by
providing butyrate and metabolites of particular
bile acids. A key factor in intestinal immune
health is the balance between Thl17 and
regulatory T cell populations which is regulated
by modulation of the gut microbiota composition
and metabolic products.

524 B Cell Maturation, Class-Switch
Recombination, and Mucosal IgA Production

The gut microbiota supplies crucial signals which
directly regulate B cell maturation and functional
specialization, especially with regard to secretory
immunoglobulin A, the most abundant antibody
isotype in the mucosal immune system. In the
Peyer's patches, germinal center B cells undergo T
cell-dependent and T  cell-independent
differentiation to produce IgA-secreting plasma
cells, and the signals that stimulate their
differentiation and class-switch recombination
come from microbes, such as short-chain fatty
acids. As a result, the repertoire of intestinal IgA
is very diversified and secreted IgA acts to coat
luminal bacteria, and thereby prevents adherence
to and translocation across the intestinal
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epithelium and to influence the composition of
the gut microbial community.

5.2.5 Innate Lymphoid Cell Regulation and
Barrier Immunity

Innate lymphoid cells reside at mucosal surfaces
where they are the first cells to respond to
microbial signals and key modulators of barrier
immunity. The major population of group 3
innate lymphoid cells (ILCs) in the intestinal
lamina propria is critically dependent on
microbial signals for its expansion and functional
maturation, and ILCs, in turn, play a critical role
in containing the gut microbiota by secreting IL-
22, a cytokine that promotes the secretion of
antimicrobial peptides and the repair of epithelial
damage. Microbiota tryptophan metabolites
activate an essential transcription factor, the aryl
hydrocarbon  receptor (AhR), for ILC3

development and function.

5.2.6 Trained Immunity and Epigenetic
Reprogramming of Innate Immune Cells

The notion of trained immunity, which posits
that microbes, such as those in the gut
microbiota, can epigenetically reprogram immune
cells of the innate immune system to provide
long-term protection against reinfection with the
same pathogen, has been expanded to encompass
the gut.The concept of trained immunity, or the
long-term functional reprogramming of innate
immune cells after exposure to microbial stimuli,
has been extended to the gut microbiota,
uncovering a new mechanism by which the gut
microbiota  epigenetically  affects  systemic
immunity. Microbial products, such as beta-
glucan, peptidoglycan and short-chain fatty acids,
trigger trained immunity by stimulating PRRs
and pathways that converge on the epigenetic
modification of histones at the promoters of pro-
inflammatory and antimicrobial genes. This new
paradigm opens the door to an understanding of
gut microbiota-immune interactions not only
within the mucosal immune system but also on
the systemic level of immune function regulation.

5. Intestinal Barrier Integrity and Mucosal
Defense Identify and locate the expression

5.3.1 Tight Junction Proteins: Occludin,
Claudins, ZO-1.

The intestinal epithelial barrier is the first
physical barrier between gut microbes and the
internal milieu of the host organism, and
nutritional factors from gut microbes play a
crucial role in the expression and localization of
tight junction proteins. The gut microbiota
influences the integrity of tight junctions by
various mechanisms, including upregulation of
occludin and claudin expression and activation of
the AMP-activated protein kinase (AMPK)
signaling pathway which promotes tight junction
assembly. Lactobacillus rhamnosus GG is a
specific strain of probiotics shown to inhibit
disruption of tight junctions caused by enteric
pathogens and inflammatory cytokines.

5.3.2 Mucus Layer Architecture: Muc2
Production, Glycosylation, and Degradation
The first line of physical/chemical defense
between luminal microbes and the epithelial
surface is the intestinal mucus layer, which
consists mainly of the heavily glycosylated protein
mucin 2 secreted by goblet cells. The architecture
of the colonic mucus layer is laid out in two
different and distinct layers, the inner of which is
highly cross-linked and effectively sterile, while
the outer layer has a loosely adherent
architecture, and is colonized by bacteria that are
associated with the mucus. Butyrate, a bacterial
metabolite, regulates goblet cell Muc2 production
and the mucin degrading specialists constantly
remodel the outer mucus layer in a complex and
reciprocal manner. Dietary fiber depletion has
been demonstrated to alter the gut microbiota to
promote mucin-foraging bacteria that cause an
increase in the breakdown of mucins, thereby
reducing the thickness of the barrier and allowing
for increased contact between bacteria and the
epithelial cells.
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5.3.3  Antimicrobial = Peptide  Secretion:
Defensins, Cathelicidins, Reg3y and
Angiogenins:

In the intestine, the epithelial surface produces a
variety of antimicrobial peptides that provide a
chemical barrier to microbial entry into the
intestinal surface. The alpha- and beta-defensins
are small cationic peptides produced in large
quantities by Paneth cells of the small intestine
and enterocytes of the entire gastrointestinal
tract, respectively, and that permeabilize
microbial membranes. Reg3 gamma is a member
of the C-type lectin family that is specifically
induced by microbial colonization and is crucial
to maintain spatial separation between the
microbiota and the epithelial surface. These
antimicrobial peptides are secreted in response to
microbial signals, allowing the host to "titrate" the
amount of antimicrobial activity it produces in
response to the microbes present.

5.3.4 Colonization Resistance to Enteric
Pathogens:

The ability of the resident gut microbiota to
inhibit the establishment and growth of foreign
pathogenic microorganisms is one of the most
clinically relevant functions of the gut microbial
community known as colonization resistance.
The mechanisms involved in colonization
resistance are competition for nutrients and
surface binding sites, secretion of antimicrobial
compounds such as shortchain fatty acids and
bacteriocins, regulation of host immune
responses, and creation of a physicochemical
environment that is hostile to growth of
pathogens. The importance of disruption of
colonization resistance to antibiotics is illustrated
dramatically by the pathogenesis of a CDEI, and
the restoration of colonization resistance by FMT
is the most successful clinical use of microbiome
therapeutics to date.

5.4 Neuroendocrine and Behavioral
Modulation
5.4.1 The  Microbiota-Gut-Brain  Axis:

Anatomical and Molecular Circuitry:
The microbiota-gut-brain axis is a dynamic,
bidirectional communication between the gut

microbiota and the CNS via neural, endocrine,
immune and metabolic mechanisms. The vagus
nerve is the main parasympathetic innervation to
the viscera, and carries sensory input from the
gastrointestinal tract to the brainstem, where
ascending pathways are present to the
hypothalamus, amygdala and cortex. Vagal
afferent neurons contain receptors that recognize
a wide array of microbial metabolites and
hormones produced by the gut microbiota, so
they are able to detect and relay information
concerning the status of the gut microbiota to the
brain.

5.4.2  Hypothalamic-Pituitary-Adrenal  Axis
Regulation and Stress Responsivity

The gut microbiota exerts modulatory effects at
several levels on the central stress response
system: the hypothalamic-pituitary-adrenal axis.
Germ-free animals have exaggerated responses to
stress as evidenced by adrenocorticotropic
hormone and corticosterone activity [50], which
is ameliorated when colonized with particular
microbial ~ community  groups such as
Bifidobacterium species. The link between gut
microbiota and stress responsivity is mediated by
mechanisms that involve regulation of expression
of glucocorticoid receptors in the hippocampus,
modulation of neurotransmitter systems of the
stress  circuitry, and control of systemic
inflammation that affects the function of the
hypothalamic and pituitary systems.

5.4.3 Appetite, Satiety, and Feeding Behavior
The gut microbiota regulates appetite and feeding
behavior by producing metabolites acting on host
receptors on enteroendocrine cells and vagal
afferents. Metabolites (such as short-chain fatty
acids, or propionate) stimulate peptide YY and
glucagon-like peptide-1 secretion from
enteroendocrine L cells, which act on the
hypothalamus and brainstem to lower food
intake and increase satiety. Propionate has also
been shown to activate the intestinal
gluconeogenesis to send a signal to the brain that
regulates feeding behaviour via the portal glucose
signal.
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5.4.4 Cognitive Function, Learning & Memory
Germ-free mice show impairments in spatial
learning and memory when tested in the Morris
water maze and novel object recognition, as well
as decreased levels of BDNF and abnormalities in
synaptic plasticity, effects that are associated with
the effects of the gut microbiota on higher
cognitive  functions.  Probiotics  containing
particular strains such as Bifidobacterium longum
have been demonstrated to enhance cognition in
aged and stressed rodent models via vagus nerve
pathways.

5.4.5 Mood, Anxiety, and Depression-Like
Behaviors

Students must also learn to recognize the signs
and symptoms of mood, anxiety and depression-
like behaviors. Germ free and antibiotic treated
mice show changes in anxietylike behavior,
suggesting a role for the gut microbiota in
regulating mood and emotional behaviors. The
gut microbiomes of people with major depression
consistently vary from healthy controls, with
meta-analyses showing that the genera butyrate-
producing genera Coprococcus,
Faecalibacterium, and Dialister are depleted in
people with MDD [67]. Mechanistic pathways
between gut microbiota and mood regulation
include serotonin and dopamine metabolism
modulation, and hypothalamic-pituitary-adrenal
axis function regulation.

5.4.6 Neurodevelopment and
Neurodevelopmental Disorders:

Autism Spectrum Disorder Recent studies have
begun to understand the role of the gut
microbiota in neurodevelopment and the early-
life period is a critical window when the gut is
colonised and  developing, and  brain
development is occurring. Antibiotic treatment
and cesarean section during this time have been
linked to abnormal neurodevelopmental
outcomes, which in turn disrupts the gut
microbiota.Antibiotic treatment or cesarean
section during this period has been linked to
abnormal neurodevelopment outcomes, which
also disrupt the gut microbiota. Studies
investigating gut microbiota in ASD have been

especially numerous, with reports of an alteration
in the composition of the gut microbiota in ASD
patients, including that microbial diversity was
decreased, and butyrate-producing taxa were
depleted. The early clinical trials of microbiota
transfer therapy have shown that both
gastrointestinal and behavioural symptoms were
improved in autistic children [68].

5.5 Metabolic Regulation and Cardiovascular
Health

5.5.1 Glucose Homeostasis and Insulin
sensitivity:

The gut microbiota can interact with glucose
metabolism and insulin sensitivity via several
complementary mechanisms. SCFA production,
especially propionate and butyrate, contributes to
glucose homeostasis by stimulating intestinal
gluconeogenesis and increasing glucagon-like
peptide-1 secretion, which amplifies glucose
stimulated insulin secretion. The activation of
AMP-activated protein kinase (AMPK) and the
improvement in mitochondrial function are
mechanisms by which butyrate increases insulin
sensitivity in skeletal muscle and adipose tissue.
Translocation of LPS through a damaged
intestinal barrier leads to metabolic endotoxemia,
stimulation of TLR4 on insulin target tissues, and
insulin resistance [48].

5.5.2 Lipid Metabolism, Adiposity, and Body
Weight Regulation

The gut microbiota plays a close link in the
regulation of host lipid metabolism, adiposity,
and body weight via microbial metabolites,
modulation of bile acid signaling, and regulation
of energy extraction from the diet. Adopting the
gut microbiota of obese donors to germ-free
recipients recapitulates obesity [61], indicating
that the gut microbiota has causal role in
adiposity, and administration of Akkermansia
muciniphila reduces body weight gain and
improves insulin sensitivity in diet-induced obese

mice [15].

https://fmhr.net

| Noureen et al., 2026 |

Page 2185



Volume 4, Issue 3, 2026

Frontier «n

Medical & Health
Research

ISSN: (e) 3007-1607 (p) 3007-1593

5.5.3 Blood Pressure Modulation via SCFA-
Mediated Renal and Vascular Signaling

The gut microbiota has become a regulator of
blood pressure homeostasis as microbial
metabolites can interact with host receptors
within the renal and cardiovascular systems to
influence vascular tone, sodium handling, and
systemic blood pressure. The activation of Olfr78
found in the renal juxtaglomerular apparatus
(JGA) induces renin secretion, while activation of
GPR41 and GPR43 in vascular smooth muscle
and endothelial cells causes vasodilation [44].
These opposing receptor activities combine to
give a net blood pressure effect.

5.5.4 The TMAO Pathway and Atherosclerosis
The trimethylamine N-oxide (TMAQ) produced
by the gut microbiota has been mechanistically
linked to the pathogenesis of atherosclerosis. Gut
bacterial enzymes convert dietary choline,
phosphatidylcholine and carnitine to
trimethylamine, which then gets oxidized by host
hepatic flavin-containing monooxygenases into
TMAO. In several largescale human cohort
studies, high plasma levels of TMAQO have been
linked to an increased risk of major adverse
cardiovascular events [63].

5.6 Hepatic Function and the Gut-Liver Axis
5.6.1 Bile Acid Enterohepatic Circulation
Enterohepatic circulation of bile acids is an
important part of the gut/liver axis, in which the
liver produces bile acids and then releases them
into the small intestine, where they are
metabolised by the gut microbiota into secondary
bile acids, which are then reabsorbed by the liver
via the portal vein. The gut microbiota regulates
the composition and signalling properties of the
pool of bile acids taken up by the liver, while host
hepatic synthesis regulates the circulation.

5.6.2 Portal Vein Delivery of Microbial
Products to the Liver

The portal vein is the direct anatomical channel
through which microbes product absorbed from
the intestinal lumen is transported to the liver.
This portal venous blood is a complex mixture of
microbial metabolites, such as short-chain fatty

acids, secondary bile acids, and tryptophan
catabolites; and of structural components, such as
lipopolysaccharide and peptidoglycan. Thus, the
liver is constantly bathed in a cascade of
microbial signals which modulate liver metabolic
and immune function. The activation of Kupffer
cells leads to the activation of hepatic immune
surveillance.Activation of Kupffer cells results in
the activation of hepatic immune surveillance.
The Kupffer cells are tissue-resident macrophages,
present in the liver, with a huge number of cells
in the hepatic sinusoids, where they sample portal
venous blood and react to microbial products.
Kupffer cells react to LPS, peptidoglycan and
other microbial components via a set of pattern
recognition receptors, leading to the release of
cytokines and chemokines to mediate immune
responses in the liver. Intestinal barrier
dysfunction, leading to the increased portal
venous delivery of microbial products, may
activate Kupffer cells and thus play a role in the
hepatic inflammation and fibrogenesis, whereas
continuous low-level exposure to microbial
products maintains Kupffer cells in a tolerogenic
state.

6. Gut Microbiota Dysbiosis in Disease
Pathogenesis

6.1 The Impact of Dysbiosis in Different
Diseases:

A Focus on Inflammatory Bowel Disease and
Cancer Dysbiosis is defined as a disturbance of
the gut microbial ecosystem from the health-
associated state and is involved with the
pathogenesis of disease. From a taxonomic point
of view, dysbiosis is defined by the erosion of the
relative abundance of healthy commensal taxa as
well as the increase in potentially harmful
‘pathobionts', the most notable of which has been
the Proteobacteria group, proposed as a microbial
signature of epithelial dysfunction. In addition to
these enrichment of pathways associated with
inflammation and  genotoxicity, functional
dysbiosis also involves the reduction of core
metabolic activities that are fundamental to host
health such as the production of short-chain fatty
acids and vitamins. Dysbiosis is considered from
an ecological point of view as a decrease in
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ecosystem resistance (vegetational or animal),
with loss of phylogenetic diversity, shorter and
less complex microbial interaction networks and
loss of functional redundancy, which normally
protects the ecosystem from perturbations.

6.2 Metabolic Disorders

The gut microbiota has been mechanistically
linked to obesity by better harvesting of energy
from a diet; the obesity associated microbiota was
shown to be better able to degrade dietary
polysaccharides and produce short-chain fatty
acids [60]. Causally, gut microbiota
transplantation from obese human donors to
germfree mice recapitulates the obese phenotype.
In addition to improved energy harvest, the
obesity-associated microbiota triggers metabolic
endotoxemia, a state of high blood level of
lipopolysaccharide (LPS) due to increased
intestinal permeability that leads to activation of
Tolllike receptor 4 (TLR-4) on insulin target
tissues, resulting in chronic sterile inflammation.
The gut microbiota has a clear signature in type 2
diabetes mellitus, with reduced numbers of
butyrate-producing bacteria (F. prausnitzii and
Roseburia intestinalis) [62] and changes in BCAA
metabolism that predict the onset of diabetes.
The gutliver axis has been mechanistically linked
to non-alcoholic fatty liver disease, as dysbiotic
gut microbiota releases endogenous ethanol to
the liver, and also delivers LPS and bacterial
DNA to the liver via the portal vein, which
activates hepatic Toll-like receptors (TLRs) on
Kupffer cells, leading to inflammatory and
fibrotic processes. The loss of overall phylogenetic
diversity and depletion in Akkermansia
muciniphila was associated with an integrated gut
microbial signature characteristic of the metabolic
syndrome that appeared as a cluster of
interrelated metabolic abnormalities.

6.3 Inflammatory and Autoimmune Diseases

IBD - including Crohn's disease and ulcerative
colitis - is associated with a prominent dysbiosis
in which Faecalibacterium prausnitzii, a key
commensal butyrate producer, is found in lower
abundance and has been shown to correlate with
lower disease activity and reduced risk of

postoperative recurrence [16]. At the same time,
the pathogenic microbes associated with
inflaimmatory bowel disease (IBD) have been
found to include expansion of pathobionts such
as adherentinvasive Escherichia coli and
Ruminococcus gnavus [64], which perpetuate
inflaimmation and dysbiosis. Celiac disease has
been linked to lower levels of Bifidobacterium
and Lactobacillus species with gluten-degrading
peptidases that could lead to higher amounts of
immunogenic gluten peptides in the lumen. In
early, untreated theumatoid arthritis, Prevotella
copri is enriched [65], and Prevotella species are
found to contain peptidylarginine deiminase
enzymes that citrullinate host proteins, producing
the neo-antigens recognized by anti-citrullinated
protein antibodies. Multiple sclerosis has been
linked to gut microbiota dysbiosis and transfer of
faecal microbiota from MS patients to germ-free
mice led to the worsening of experimental
autoimmune encephalomyelitis. Systemic lupus
erythematosus has been shown to be enriched
with Ruminococcus gnavus, especially during
periods of disease flares, and translocation of gut
pathobionts to systemic lymphoid organs, such as
Enterococcus gallinarum, has been shown to
promote autoantibody production [66]. There is
increasing evidence that early-life gut microbiota
dysbiosis is associated with the onset of type 1
diabetes, and longitudinal studies have shown
that decreased microbial diversity and loss of
short-chain fatty acids-producing taxa are not only
associated with the onset of islet autoantibodies,
but precede them.

6.4 Neurological and Psychiatric Disorders

The prevalence of neurological and psychiatric
disorders was 6.4%.Neurological and Psychiatric
Disorders were 6.4%. Major depressive disorder
has been linked to stable changes in the
composition of gut microbiota in humans,
including a decrease in the diversity of microbial
species and an increase in the depletion of
specific species, such as genera that are producers
of the short-chain fatty acid butyrate, including
Coprococcus, Faecalibacterium, and Dialister, in
meta-analyses. Functional implications are a
decrease in short chain fatty acid production and
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a higher consumption of tryptophan in the
kynurenine pathway that generates neurotoxic
metabolites [46] that have a role in
neuroinflammation. The gut microbiota has been
associated with perturbations in GABA and
serotonin pathways, which are associated with
anxiety disorders, and probiotic treatment seems
to have some preliminary success in decreasing
anxiety symptoms. Parkinson's disease has a
characteristic compositional signature in the gut
microbiota, and motor symptoms in PD
frequently occur years before the onset of gut
dysfunction, further suggesting that aggregation
of alpha-synuclein may first occur in the enteric
nervous system and travel along the vagus nerve
to the brain [53]. Alzheimer's disease has been
linked to decreased microbial diversity and a loss
of  butyrate-producing Firmicutes, and
lipopolysaccharide  (LPS) was found in
postmortem brain tissue, suggesting that bacterial
product  translocation plays a role in
neuroinflammation. Gastrointestinal
comorbidities are common in children with
autism spectrum disorder and have been
associated with dysbiosis in the gut microbiome,
characterized by lower diversity and lower
abundance of taxa that are important for
producing butyrate, a shortchain fatty acid,
which promote improvements in gastrointestinal
and behavioral symptoms in early clinical trials of
microbiota transfer therapy.

6.5 Cardiovascular Diseases

The gut microbiota has been mechanistically
linked to atherosclerosis due to the production of
trimethylamine N-oxide (TMAQ) from dietary
choline and carnitine, while plasma TMAQ levels
have been linked to the risk of major adverse
cardiovascular events. Translocation of LPS
across a hyperpermeable intestinal barrier may be
involved in the chronic low-grade inflammation
that is a driver of atherogenesis. There is
increasing evidence that gut microbiota dysbiosis
in hypertension involves a decrease in microbial
diversity and loss of short-chain fatty acid-
producing bacteria, which transplants have been
shown to be causal and to increase blood pressure
in germ-ree recipients. The hypoperfused gut

environment during HF leads to changes in the
gut microbial content and increases intestinal
barrier permeability, leading to endotoxemia and
contributing to the systemic inflammation typical
of HF and linked to disease progression and
outcomes. 6.6 Gastrointestinal Malignancies
Specific bacterial species have been shown to
have a causal role in the pathogenesis of
colorectal cancer, as they produce genotoxins and
induce chronic inflammation, as well as to affect
antitumor immunity. The polyketide synthase
(PKS) genomic island carried by Escherichia coli
that produces colibactin creates a mutational
signature found in human colorectal cancers
[69,71], resulting in DNA double-strand breaks.
Enterotoxigenic B. fragilis stimulates Wnt
signaling and stimulates epithelial proliferation,
and Fusobacterium nucleatum stimulates tumor
growth by binding to E-cadherin [70] and
inhibiting killing by natural killer cells.
Helicobacter pylori, a type I carcinogen, is the
main culprit that causes gastric cancer, and the
progression from chronic gastritis, intestinal
metaplasia, and adenocarcinoma is associated
with changes in the gastric microbiota. Gut
microbiota dysbiosis was found to contribute to
HCC through the production of deoxycholic
acid, a secondary bile acid produced by the
Clostridium species, which induces a senescence-
associated secretory phenotype in hepatic stellate
cells. The Hygiene Hypothesis Revisited.

6.7 Allergic and Atopic Diseases

This increase in allergic and atopic diseases in
industrialized societies has been partially
explained by the possibility that environmental
microbial exposures have changed, leading to a
modification of the gut microbiota, which is
summarized in the ‘hygiene hypothesis'. Infants
with allergic diseases have less diversity of their
gut microbiota and fewer species of bifidobacteria
and lactobacilli, characteristics linked to cesarean
delivery, formula feeding, and antibiotic use in
infancy. The gut microbiota's role in allergic
disease prevention is via promoting regulatory T
cell  responses  which  dampen allergic
inflammation mediated by Th2 cell, and the
preservation of gut barrier integrity which reduces
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disease to assess the effects of probiotics and
other interventions aimed at the microbiome.

allergen exposure in the body. The results have
led to clinical studies in infants at risk for allergic

TABLE 3: Signature Microbial Alterations in Major Human Diseases and the Mechanistic Pathways

Linking Dysbiosis to Pathogenesis

Disease Catevor Kev Diseases Taxa Alterations | Mechanistic &
sory Y (Depleted — Enriched) Molecular Evidence
| Bacteroides, Akkermansia, Brtllctlyrtate fneiﬁ.cwng;cilf
) Obesity, Type 2 | Faecalibacterium; CREOTOXCIIE , ,
Metabolic . ~ .| driven insulin
Diabetes 1 Prevotella,  Escherichia, )
Desulfovibri resistance; enhanced
esulfovibrio energy harvest
Mucus degradation;
Inflammatory & | Crohn’s Discase, | F. prausnitzii, Rosebunaf; Th17 dysregul.atllon;
. . . 1 AIEC, D. copri, | molecular mimicry
Autoimmune Rheumatoid Arthritis , ) o
Collinsella (citrullination); reduced
fecal butyrate
a-synuclein enteric
Prevotell
Parkinson’s Disease, Il: reqzl(?be f’ ‘ aggregation & vagal
Neurological Major Depressive Caecal . etrmm’ propagation; kynurenine
Disorder (ZZZCOCC“S’, Eveerthell pathway overactivation;
1 ermansia, Eggerthella | ¢ ~pa deficiency
TMAO-mediated foam
| Roseburia,  Bacteroides; | cell ~formation; LPS-
Cardiovascular Atherosclerosis 1 Enterobacteriaceae, driven vascular
Streptococcus, Collinsella inflammation;  platelet
hyperreactivity
Genotoxin-induced
| Roseburia, DNA damage
Bifidobacterium, 1 F. | (colibactin BFT);
Oncolo Colorectal Cancer ’ b ’
&y nucleatum, ETBF, pks+ E. | Wnt/B-catenin
coli activation; tumor
mutational signatures
! Core butvrate Shared signatures:
producers v reduced SCFAs,
) o General patterns across | (Faecalibacterium, mcreasedﬂ gut
Multi-system Dysbiosis diseases Rosebuia); permeability  (zonulin),
Pose uza, ) &I elevated  inflammatory
roteo .actena markers (LPS,
pathobionts .
calprotectin)

7. Therapeutic Strategies Targeting the Gut
Microbiota

7.1 Dietary Interventions as
Microbiome Modulators

Modifying diet is the most readily available and
physiologically sound approach to modulating
the gut microbiota, with consistently beneficial

First-Line

effects noted for increased dietary fiber and plant-
based diets on the diversity and health of the
microbiota. The Mediterranean diet, rich in
vegetables, fruits, legumes, whole grains, nuts and
olive oil, moderate in fish and low in red meat,
was related to greater richness of gut microbes,
higher abundance of short-chain fatty acid-
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producing microbiota such as Faecalibacterium
prausnitzii and Roseburia, and higher levels of
faecal short-chain fatty acids and lower levels of
systemic  inflammatory markers [72]. The
expansion of fiberfermenting species of
Prevotella and Roseburia species with vegetarian
and vegan diets and the gut microbial
communities of non-industrialized populations
are of extraordinary diversity, including bacterial
taxa that have been lost from Western
populations. Prebiotics are substrates selectively
fermented into metabolites with a health benefit
by host microorganisms, such as inulin and
fructo-oligosaccharides present in chicory root
and Jerusalem-artichoke, galacto-oligosaccharides
which resemble human milk oligosaccharides,
and resistant starch (RS), especially beneficial for
promoting the proliferation of Firmicutes species
known for producing butyrate.

7.2 Probiotics: Definition, Mechanisms, and
Clinical Evidence

Thus, dietary polyphenols, such as flavanols from
cocoa and green tea polyphenols (catechins),
appear to represent important compounds
capable of modulating the microbiota, thereby
favoring the growth of beneficial bacteria and
inhibiting pathogenic Clostridia. This is of course
balanced by removing dietary factors that
encourage the dysbiosis, such as emulsifiers
which have been shown to reduce the mucus
barrier in the gut and enhance bacterial invasion
to the epithelium in a microbiota-dependent
manner. Interestingly, artificial sweeteners
negatively affect glucose tolerance by microbiota-
dependent mechanisms, thus stressing the need
for the removal of these additives as well as their
prebiotic  provision. Personalized nutrition
approaches focus on using microbiome profiling
to provide personalised dietary
recommendations, with use of machine learning,
combining  microbiome data with  host
parameters to predict individual postprandial
glycemic responses and providing personalised
dietary recommendations that significantly
outperform generic recommendations to enhance
glycemic control. A new dimension of dietary
intervention for microbiome health, time-

restricted feeding (TRF), a strategy to restrict
intake to an 8- to 12-hour window each day, has
been shown to restore the amplitude of the
microbial diurnal oscillations and enhance
abundance of butyrate producing taxa.

7.3 Lactose and the digestive system Probiotics

The category of living microorganisms that are
administered in adequate amounts and provide a
health benefit to the host, are the most widely
marketed therapeutic approach targeting the
microbiome [73]. Traditional probiotic genera are
Lactobacillus and Bifidobacterium species, and
strains like Lactobacillus rhamnosus GG and
Bifidobacterium infantis have strong evidence of
efficacy in the prevention of antibiotic associated
diarrhea and in the management of IBS
respectively, whilst Saccharomyces boulardii is
also gastric acid and antibiotic resistant, allowing
co-administration with antibiotics. Probiotic
efficacy works through competitive exclusion of
pathogens from epithelial binding sites,
production of antimicrobial compounds such as
bacteriocins and organic acids, enhancement of
the integrity of tight junctions and modulation of
the host immune response to an anti-
inflammatory phenotype. The next generation of
probiotics based on indigenous gut taxa has
emerged to remedy the shortcomings of the
traditional genera and, in overweight and insulin
resistant populations, Akkermansia muciniphila
has shown that being administered via
pasteurization can enhance insulin sensitivity and
decrease circulating cholesterol [74]. The most
abundant butyrate-producing bacterium in the
healthy colon, Faecalibacterium prausnitzii, has
posed formidable cultivation challenges, and thus
has been a high priority target. Probiotics have a
clear biological effect that is strain specific, with
different strains of the same species having often
very different activity, while the broad
commercial availability of multi-strain products
that are poorly characterized by strain is a
challenge for the evidence based use of
probiotics. In gastrointestinal diseases, clinical
evidence is best, and meta-analyses of studies of
psychobiotics have shown definite benefits in the
prevention of AAD and treatment of IBS,
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although with some studies showing modest
benefits in metabolic diseases and early promising
results for depressive and anxiety symptoms. The
use of postbiotics and microbial metabolites as
therapeutic agents.The therapeutic potential of
postbiotics and microbial metabolites. The direct
use of microbial metabolites or microbial
preparations that are not alive but contain a
microbial community bypasses the need for a
living microbial community, making it a
conceptually appealing approach to exploiting the
therapeutic potential of microbial metabolism.
Short-chain fatty acid formulations such as
tributyrin and butyrylated high-amylose starch
(BHAS), which provide butyrate specifically to
the colon, have shown some promising results for
reducing disease activity in ulcerative colitis and
enhancing insulin sensitivity in metabolic
syndrome. Inulin-propionate ester (IPE) is a
source of propionate, a substance that stimulates
secretion of peptide YY and glucagon-like
peptide-1, decreases appetite and energy intake,
and lowers weight gain in overweight adults.
Clinical potential of targeting the microbial bile
acid-host receptor axis has been shown for
secondary bile acid derivatives such as obeticholic
acid, a semisynthetic FXR agonist, which have
been effective in non-alcoholic steatohepatitis.
Indole derivatives, such as indole-3-propionic acid
(I3PA) synthesized by Clostridium sporogenes,
have been of interest due to their potent
antioxidant and barrier-protective activity, and
offering therapeutic administration as a strategy
to restore inflaimmatory bowel disease (IBD)-
impaired aryl hydrocarbon receptor (AhR)
mediated immune and barrier function [47]. The
benefits of using paraprobiotics are related to
their metabolic characteristics, which are similar
or superior to those found in the live bacterium,
such as in the case of heatkilled Akkermansia
muciniphila; their stability; their standardized
dosage; and their increased safety in vulnerable
populations.

74  Fecal  Microbiota
Principles and Applications
FMT, which involves transfer of minimally
processed fecal material from a healthy screened

Transplantation:

donor into the recipient's gastrointestinal tract,
has emerged as a revolutionary therapy for
recurrent, C. difficile infections (CDI), and has
single treatments cure rates over eighty-nine
percent [75], compared to progressive antibiotic
failure. This success has spurred research into a
wider range of indications, with randomized
controlled trials in ulcerative colitis showing far
greater numbers of clinical remission without
steroids, and preliminary studies in metabolic
syndrome showing only short-term improvement
in insulin sensitivity after transplantation from
lean donors. FMT is still in an early stage of
investigation for neurological/psychiatric
disorders such as autism spectrum disorder and
Parkinson's disease, and in oncology, it has been
used to overcome the resistance to immune
checkpoint inhibitor therapy. Rigorous donor
screening measures (detailed history, thorough
pathogen testing) and a rapidly changing
regulatory landscape are required for safety.
Standardized encapsulated fecal microbiota
transplantation (FMT) preparations and defined
microbial consortia, such as the FDA-approved
SER-109, which consists of spores from
Firmicutes [76], are the next steps from donor-
dependent transplantation to a pharmaceutical
model of microbiota therapeutics that has
defined composition and standard
manufacturing.

7.5 Precision Microbiome Engineering

The frontier of microbiome therapeutics is going
towards the rational design of defined microbial
consortia based on synthetic ecology principles to
obtain the desired therapeutic effect. Consortia
are built with keystone species that carry out
metabolic functions and added supporting taxa
that supply metabolic substrates and/or improve
colonization. Engineered probiotics are living
therapeutics mediated by synthetic biology
technologies where the bacteria are designed to
detect disease-relevant biomarkers and then
respond with the in situ production of
therapeutic molecules, with the examples of
Lactococcus lactis producing interleukin-10 and
Escherichia coli Nissle producing phenylalanine
degrading enzymes proving clinically viable [77].
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Bacteriophage therapy provides highly targeted
approaches where only specific pathobionts will
be targeted and depleted in a selective manner,
without the broad-spectrum collateral damage of
antibiotics; phages targeting adherentinvasive
Escherichia coli and Fusobacterium nucleatum
have shown preclinical efficacy. CRISPR-based
microbiome editing is an emerging field with the
capacity to edit microbial genomes, which has the
potential to precisely remove or modify strains
with antibiotic resistance genes or virulence
factors - however, delivery system issues and
ecological impacts need to be considered. The
impact of the microbiome on drug metabolism
and toxicity, and the influence of drugs on it.

7.6  Pharmacomicrobiomics  and
Microbiome Interactions

It is now understood that the gut microbiota
plays an important role in the pharmacokinetics
and pharmacodynamics of many therapeutic
drugs, where microbial enzymes either activate
prodrugs, or deactivate drugs. Eggerthella lenta

Drug-

can reduce cardiac glycoside digoxin to a non-
toxic form [78], and bacterial beta-glucuronidases
can re-activate an anticancer drug, irinotecan, to a
toxic form, leading to the prevention of dose-
limiting  diarrhea. Machine learning-based
algorithms are feasible and there is need for
validated tools to predict the individual
metabolism of drugs from the composition of gut
microbiota to translate pharmacomicrobiomics to
clinical ~practice. The finding that the
composition of microbial communities in the gut
is an important factor in how well patients
respond to immune checkpoint inhibition (ICI)
treatments has spurred studies of microbial-based
treatments to boost the effectiveness of ICI drugs
in cancer treatment, and certain bacterial species
- such as Akkermansia muciniphila and
Bifidobacterium species - have been enriched in
responders [79]. In oncology, proof of concept is
provided by the successful transfer of the fecal
microbiota from responders to non-respondents
that has overcome resistance to checkpoint
inhibitor therapy.

TABLE 4: Comparative Analysis of Microbiome-Targeted Therapeutic Strategies: Mechanisms, Clinical

Evidence, and Translational Status

) ) ) Key Indications & L
Therapeutic Strategy Mechanism of Action Clinical Status Key Limitations
Selective stimulation of | Metabolic health, o
i . . . Inter-individual
Prebiotics beneficial bacteria; | constipation; marketed o o
. variability; GI tolerability
SCFA production as supplements
Competitive exclusion; Antibioticassociated Strain-specificity;
Probiotics  (Traditional ‘p ’ | diarrhea, IBS, metabolic ) P RE o
. barrier  enhancement; transient  colonization;
& Next-Generation) ) ) syndrome; supplements o
metabolite production K cultivation challenges
& early trials
Infl t &
Receptor agonism; nRAMAtOry Short halflife; distal GI
. . metabolic disorders; ) )
Postbiotics HDAC inhibition; . delivery; formulation
epigenetic modulation preclinical  toearly stability
Pi8 clinical
CDI  (FDA- d);
. , Restoration of microbial | © (_ approved) Donor variability;
Fecal Microbiota | ,, . _ | IBD,  immunotherapy i
, diversity; donor strain . pathogen risk; long-term
Transplantation (FMT) augmentation )
engraftment ‘ . safety undefined
(investigational)
‘ ‘ Ecosystem restora.tion; {CDI (Vowst® Manufaquring
Defined Consortia & | targeted drug delivery; complexity;
. .. o 7 | approved); IBD, PKU, | . }
Engineered Probiotics in-situ therapeutic o i biocontainment; GMO
, cancer; clinical trials
production regulatory hurdles
Phage Therapy Targeted pathobiont | IBD, CRC, recurrent | Host range specificity;
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lysis; biofilm disruption

infections; preclinical to
early clinical

resistance; regulatory
framework lacking
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8. Methodological Advances and Emerging
Research Frontiers

8.1 Technological Advances in Microbiome
Characterization

Switching from the use of targeted 16S rRNA

gene amplicon sequencing to  shotgun
metagenomics is a huge step forward in the
resolution and information content of

microbiome characterization. The 16S rRNA
gene sequencing approach allows cultivation-
independent surveys of the diversity of the gut
microbial community, but it suffers from primer
bias, lack of functional gene content information,
and, in most cases, only deep taxonomic level
information (usually genus level). Shotgun
metagenomic  sequencing overcomes these
limitations by allowing the whole community to
be sequenced, allowing for strain-level taxonomic
classification, the direct measurement of

functional gene content [2] and abundance of
metabolic pathways, and the identification of new

genes  and
Complementary functi
allow for
microbial

metatranscriptomics

biosynthetic

studying different facets
community's

gene  clusters.
onal omics approaches
of the
with
the

activity,
detailing

transcriptionally active metabolic pathways under

the prevailing conditio

ns, metaproteomics, the

actual output of the translated genes—including
secreted and  surface-exposed  proteins—
representing host-microbe interactions, and
metabolomics, the end products of microbial
metabolic activities in biological samples.
Combined, single cell genomics is able to
characterize the genomes of individual microbial
cells, uncovering heterogeneity within microbial
populations and genome sequencing of rare and
uncultivated microbes and spatial transcriptomics
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captures the spatial coordinates of RNA
molecules within tissue sections, offering a new
perspective on the mucosal interface and showing
that host-microbe dialogue is organized into
discrete microenvironments. The re-emergence of
high throughput culturomics, which uses a variety
of culture media, modified atmospheric
conditions and new growth promoting methods,
has significantly broadened the spectrum of
cultured gut bacterial species [9], and allowed
experimental testing of their metabolic and
immunoregulatory ~ capacities,  while  the
combination of culturomics and metagenomics in
a synergistic pipeline has increased the number of
cultured organisms in the gut microbiota.

8.2 Gnotobiotic: Animal Models in Microbiota
Research

Germ-free  mice are the most potent
experimental model to provide definitive links
between the gut microbiota and host physiology
because they are completely colonized-free, living
their entire life in isolation in sterile enclosures.
These animals display a whole range of
abnormalities that are also seen in humans, such
as an underdeveloped mucosal immune system, a
dysfunction in bile acid metabolism, and
impaired energy extraction from their diet:
conventionalization, or transplantation of
microbiota, will reverse many of these
abnormalities [12] and definitively show their
dependence  on
microbiota  mouse  models, created by
transplanting HMP into GFMs, have also been
used to show that transplanting HMP from
people with obesity, type 2  diabetes,
inflammatory bowel disease (IBD), and
depression from patients offers a "snapshot" of
the recipient's gut microbial community and has
been used to demonstrate that these microbial
communities carry disease traits to recipient mice.
Although gnotobiotic mouse models have been
invaluable for their transformative research, there
are important limitations to this model; the
murine intestinal environment is inherently
different from the human in important ways,
such as in terms of gastrointestinal anatomy,
composition of the mucus layer, and immune

microbiota. Humanized

receptor repertoires, and the humanized mouse
microbiota consistently fails to fully replicate the
breadth of the human gut ecosystem. These
constraints drive the need to combine
gnotobiotic insights with other available in vitro
organoid/Organ on a Chip data and human
interventional data.

8.3 Organoids and
Technologies

Three-dimensional  self-organizing  epithelial
culture, or intestinal organoids, obtained from
intestinal stem cells, have become a powerful
reductionist model for intestinal host-microbe
interactions by recapitulating the diversity and
cryptvillus  organization of the intestinal
epithelium. Co-culturing organoids with specific
bacterial strains via microinjection of bacteria
into the enclosed organoid lumen has allowed a
dissection of specific epithelial responses to
individual microbial taxa and a mechanistic
dissection of the ways in which commensals drive
epithelial  maturation. These microfluidic
platforms, called gut-on-a-chip devices, which can
capture physiologically relevant conditions such

Organ-on-a-Chip

as dynamic mechanical forces and oxygen
gradients, have enabled the long-term co-culture
of living microbial communities with human
intestinal epithelium, thus far. Multi-organ chip
systems involve connecting a series of chambers
that represent intestine, liver and brain, through
which medium is circulated that mimics systemic
circulation, are a futuristic solution for modeling
the systemic axes through which the gut
microbiota can affect distant organ physiology.

8.4 Computational and Systems Biology
Approaches

Machine learning  algorithms on  high-
dimensional microbiome data have proven to be
strong tools to discover microbial signatures that
distinguish healthy from diseased states and
forecast  clinical events. As  non-inear
relationships and complex feature interactions
are present in microbiome data, deep learning
architectures like convolutional neural networks
(CNN) have been developed to capture these
relationships; genetic models, or genome-scale
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metabolic models, are mathematical
representations of complete metabolic reaction
networks encoded in microbial genomes, and
they have been extended to microbial
communities to predict metabolic interactions
and emergent metabolic properties. The
community models predict cross feeding
interactions which maintain gut ecosystem and
can simulate responses to changes in the
availability of dietary substrates. Specialized
statistical approaches need to be implemented in
association to causation in  microbiome
epidemiology, such as mediation analysis to
measure the proportion of the association
between dietary factors and metabolic disease
outcomes explained by the changes in the gut
microbiota, and Mendelian randomization using
host genetic variants associated with microbiota
composition as instrumental variables for testing
the causal association between dietary factors and
disease outcomes.

8.5 Integration of Multi-Omics Data for
Personalized Microbiome Medicine

The convergence of various omics data layers —
such as metagenomics, metatranscriptomics,
metaproteomics, metabolomics and  host
genomics — into integrated data analysis is the
latest frontier in microbiome science. The
integration of multiple omics allows for
systematic brokering of microbial taxa with their
expressed functions, identification of microbial
signatures of the circulating metabolome, and
identification of host genetic and environmental
factors in shaping the gut microbiome. In large-
scale human cohort studies, multi-omics
integration has shown that adding microbiome
information to host genomic, transcriptomic, and
metabolomic  data  significantly = enhances
prediction of metabolic disease risk and effects of
diet relative to any individual data type. The
clinical utility of multi-omics integration will be

realized, and scalable, affordable, and
standardized multi-omics profiling pipelines will
need to be developed, with the potential for use
demonstrated in prospective trials. Microbiome
research and therapies highlight the importance
of ethical, legal, and societal considerations.

8.6 Ethical, Legal, and Societal Considerations
in Microbiome Research and Therapeutics
Ethical and legal issues are important and
complex, as personal microbiome data can be
generated and analyzed, with concerns about
privacy, ownership of data and the possibility of
discrimination based on the microbiome. Studies
show that people can be distinguished by their
microbiome  profile and that someone's
cohabitation relationships can be deduced from
the similarity of their microbiota; there's also
information in the human gut microbiome that
reveals sensitive personal qualities like dietary
preference, use of medicines, disease status, and
even identity. There is a lack of established laws
and regulations concerning the protection of
microbiome data. The issue of microbiome-based
diagnostics and therapeutics being distributed
equitably across different populations s
important, because the microbiomes most well
studied, and the basis for the development of
therapeutics is the one of Europeans in high-
income countries, whereas the populations with
the highest burden of diseases in which
microbiome therapeutics are being developed are
understudied, particularly in low and middle
income countries. Effective microbiome science
communication to the public will involve the
truthful presentation of facts, a separation of facts
from speculations, and a recognition of
significant uncertainty, especially when the
number of commercial microbiome tests with
unproven clinical value and the growing number
of probiotics with unvalidated health claims are
unregulated.
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9. Challenges, Knowledge Gaps, and Future
Directions

9.1 Moving Beyond Correlation to Causation in
Human Microbiome Research

The majority of human microbiome studies so far
comparing the
composition of the gut microbiota of people with
a specific disease with healthy controls, and are
enormously useful in generating hypotheses, but
are fundamentally limited in their ability to infer
causal relationships due to dietary, other
medication and lifestyle factors, and reverse
causation, where the disease state itself changes
the gut microbiome in ways that are not driven by
The field needs to shift from
and RCTs of
microbiome-targeted therapies are gold standard
for demonstrating causal relationships. Host
genetic variants associated with gut microbiota
composition have also been used as instrumental
variables for testing the causal association
between the composition of microbiota and

have been observational,

causal factors.

association to intervention

disease outcomes; in recent years, some have
found causality between certain microbial taxa
and metabolic traits and inflaimmatory bowel
disease. Mediation analysis helps to quantify the
amount of dietary effects on metabolic outcomes
that were mediated by changes in the gut
microbiota, thus offering a statistical framework
to attribute causal mechanisms. Human challenge
studies, where the gut microbiota is intentionally
and controllably manipulated dietary
manipulation, antibiotics or the delivery of
specific strains to healthy volunteers, provide a
powerful and largely unexploited experimental
paradigm establish  causality:  dietary
manipulation (in the absence of antibiotics or
specific strains) has already shown that the gut
microbiota responds to dietary change within
days and that these changes are associated with

changes in  host

via

to

measurable metabolic

parameters.
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9.2 Definition and quantification of "Healthy
Microbiome

Attempts to establish a universal taxonomic
composition-based criterion for a healthy gut
microbiome have been fundamentally difficult, as
the gut microbiomes of healthy individuals are
highly variable within and across individuals. The
dominant taxa of the gut microbiota of a healthy
individual in rural Burkina Faso and among
Hadza hunter-gatherers of Tanzania is very
different from that of a healthy urban dwelling
European, yet both are compatible with the host
phenotype of health [10]. There is a growing
trend to move away from taxonomic definitions
to functional and ecological definitions, and it is
understood that phylogenetic distinct gut
microbial communities can have similar
metabolic  activities  through  ‘functional
redundancy’. Even though there is significant
taxonomic diversity, metagenomic analysis has
identified a relatively conserved core of metabolic
capabilities that are present in the gut
microbiomes of healthy people, such as pathways
that produce shortchain fatty acids, pathways
that produce vitamins, and the conservation of
metabolic capabilities may be the most important
measure of a healthy gut ecosystem. A healthy
microbiome is now recognised to have the ability
to withstand perturbation and regain its
functional state after a disturbance, that is, to be
resilient. The microbial taxa and functions
associated with health also need to be considered
in the context of population and life stage.

9.3 Personalization of Microbiome-Directed
Therapies

Considering that significant inter-individual
variation exists in the gut microbiome's response
to standardized microbiota manipulations, the
search for baseline features of the microbiome
that influence therapeutic efficacy has been
prompted, with the aim of personalized
microbiome-based  therapeutic  interventions.
Intervention trials of dietary fibre have shown
that short-chain fatty acid production and
metabolic  benefits increase significantly in
individuals with higher baseline microbial
diversity and abundance of certain fibre-

fermenting taxa; individual responses to different
probiotic strains have been shown to be highly
variable and are related to the baseline microbial
composition of a person's gut. The notion of an
individual-specific optimal diet, based on the
individual's gut microbiota profile, has been
supported by a proof-of-concept study showing
that the glycemic response to a standard meal is
highly variable, and can be predicted from
features of the gut microbiota [80]. Adding host
genetic information to gut microbiome profiling
would facilitate even greater personalisation as
host genetic variants can affect the composition
of the gut microbiota and host responses to
microbial signals, and the development of
integrated polygenic and polymicrobial risk scores
are the goals of 'precision medicine' for the
future.

9.4 Ensuring Reproducibility and
Standardization Across Studies

The ability to reproduce and standardize the
results of a study across studies. Several factors
have made microbiome research difficult to
reproduce in different labs, such as the different
methodologies used for sample collection and
storage, DNA extraction, library preparation and
sequencing. All of these methodological variables
have a significant impact on the composition of
the gut microbiota determined by the sequencing
results, and the implementation of universal,
standardized, validated, and widely accepted
protocols for each stage of the microbiome
Furthermore,  the
processing of  microbiome
sequencing data (such as taxonomic classification
algorithms, reference databases, and quality
filtering parameters) adds to this variability, and
the reference databases used to compare
sequences are highly biased towards populations
from the Western world, resulting in systematic
underestimation of diversity in non-Western
populations. The use of minimum reporting
requirements (such as the Strengthening The
Organization and Reporting of Microbiome
Studies checklist) is vital to facilitate critical
evaluation, comparison and reproduction of
microbiome research, as is deposition of raw

workflow is  crucial.
bioinformatic

https://fmhr.net

| Noureen et al., 2026 |

Page 2197



Volume 4, Issue 3, 2026

Frontier «n

Medical & Health
Research

ISSN: (e) 3007-1607 (p) 3007-1593

sequencing data in  publicly  accessible
repositories.

9.5 LongTerm Safety and Ecological
Consequences of Microbiome Interventions

Longterm safety and ecological effects of
microbiome interventions, such as potential
transfer of unwanted traits, disruption of
colonization resistance and perturbation of host-
microbe mutualism, are poorly understood.
Although the procedure of faecal microbiota
transplantation (FMT) is highly effective for the
treatment of recurrent Clostridioides difficile
infection, there are potential risks such as the
transmission of unknown pathogens, the sharing
of antibiotic resistance genes, and the transfer of
microbial taxa that could increase the risk of
recipient developing metabolic or neoplastic
diseases in the future. Another safety concern for
the administration of live biotherapeutic
products such as defined microbial consortia or
engineered probiotics involves the potential for
ecological effects, which can be a novel or
genetically modified organism added to a
complex ecosystem; thorough long-term follow-up
studies are needed to characterize the safety
profile. 9.6 Regulatory and Commercialization
challenges The regulatory status of probiotics
(most of which are classified as dietary
supplements in  most jurisdictions, not
pharmaceutical drugs) has left a significant gap
between evidence-based standards for the
marketing of probiotics and the therapeutic
claims often made on their behalf. There are no
requirements for pre-market safety, effectiveness,
or quality for dietary supplements, and the large
number of probiotics on the market with
unproven health claims diminishes the credibility
of probiotics. An evidence-based regulatory
pathway for live biotherapeutic products (LBPs)
with specific therapeutic indications is an
ongoing topic of regulatory debate. The
regulation of FMT has grown quickly, including
the United Statess Food and Drug
Administration's definition of FMT as a biologic
product, and standardized good manufacturing
practice (GMP) compliant products meet
regulatory requirements for product consistency,

purity, and potency. Donor screening has been
evolving over time, adding more and more layers
of pRathogen transmission risk reduction, and
the SARS-CoV-2 pandemic has driven adaptive
screening which adjusts to new and emerging
pathogens. To ensure the safe, equitable, and
sustainable introduction of these therapeutics
into the clinical landscape, the ongoing
development of the regulatory framework is
necessary, drawing on continually building safety
and efficacy data and patient, clinician,
researcher, and industry experiences.
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