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Highlights

What are the main findings?

• Gut microbiota dysbiosis, chronic inflammation, microbial metabolites, and barrier
dysfunction are strongly associated with neurodegenerative and metabolic diseases
through the gut–brain–immune axis.

• Multi-omics technologies and AI-assisted analyses provide integrated insights into
shared molecular pathways, biomarker discovery, and disease mechanisms.

What is the implication of the main finding?

• Systems-level integration of microbiome, immune, metabolic, and omics data may
support future precision medicine approaches for neurological and metabolic disorders.

• Microbiome-targeted therapies including probiotics, precision nutrition, metabolite-
based interventions, and AI-guided strategies remain promising but require further
large-scale clinical validation.

Abstract

The axis linking the gut to the brain to the immune system connects all tissues involved—
bacteria, immune cells, metabolism and the CNS—through a multidirectional commu-
nication network. Several studies have confirmed that when this axis is disrupted, it
can be responsible for Alzheimer’s disease, Parkinson’s disease, obesity, type 2 diabetes,
and NAFLD, and the main consequences come from increased systemic inflammation,
altered regulation of immune cells, the production of microbial metabolites that alter sig-
nals to the immune cells and nervous system, increase in oxidative stress, breakdown of
the gut barrier, and more. In recent years, advanced multi-omics technologies, such as
metagenomics, transcriptomics, metabolomics, proteomics, and single-cell sequencing,
have provided significant advancement in our understanding of all of the interacting nodes
involved in the gut–brain–immune axis. These advanced sequencing technologies can
characterize the microbial communities, host immune cells, metabolic profiles, and the
degree of cell heterogeneity during a specific disease. Combining multi-omics information
can reveal a few shared pathways between neurodegenerative and metabolic disorders,
such as NF-κB, NLRP3 inflammasome activation, mitochondrial dysfunction, changes in
SCFA metabolism, and the alteration of microbial populations in Alzheimer’s and Parkin-
son’s disease; metabolic dysbiosis and increased risk for Parkinson’s disease; or changes
in gut-to-brain-to-immune signaling contributing to diabetes complications and NAFLD.
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Artificial intelligence (AI) and machine learning are becoming promising tools for detecting
biomarkers from these datasets, extracting knowledge, interpreting systems biology, and
helping with developing precision medicine. In this review, we summarize current evidence
that supports the role of the gut–brain–immune axis in neurodegenerative and metabolic
diseases, highlighting results gained with the utilization of multi-omics approaches. We
will describe the key microbial, immune, and metabolic pathways involved in pathogenesis
and therapeutic approaches including psychobiotics, tailored nutrition, modulation of the
microbiome, and metabolite interventions, discussing future perspectives of the translation
of the gut–brain–immune axis knowledge into clinical practice.

Keywords: dysbiosis; gut–brain–immune axis; metabolic diseases; metabolomics;
multi-omics; neurodegenerative diseases

1. Introduction
The human gut harbors trillions of microorganisms that influence not only gastroin-

testinal physiology but also neurological, metabolic, and immune functions. Communi-
cation between the gut and the brain occurs through multiple interconnected pathways,
including neural signaling via the vagus nerve and enteric nervous system, endocrine
signaling through hormones such as cortisol and leptin, and immune-mediated signaling
involving cytokines and inflammatory mediators. These bidirectional interactions collec-
tively form the gut–brain axis and play important roles in regulating cognition, behavior,
metabolism, and systemic homeostasis [1]. In addition, gut microbes produce several
bioactive metabolites, including short-chain fatty acids (SCFAs), bile acids, and neuro-
transmitter precursors, which contribute to intestinal barrier integrity, immune regulation,
and neurophysiological signaling [2]. The vagus nerve serves as a major bidirectional
communication pathway, transmitting microbial and inflammatory signals from the gut
to the central nervous system and regulating intestinal motility, immune responses, and
neuroendocrine signaling.

The immune system is an essential component of the gut–brain axis, giving rise to the
broader concept of the gut–brain–immune axis. Alterations in gut microbial composition
(dysbiosis) can disrupt intestinal barrier function, increase gut permeability, and promote
endotoxemia and systemic inflammation. These inflammatory changes may activate im-
mune signaling pathways and contribute to chronic neuroinflammation and metabolic
dysfunction [3]. Increased intestinal permeability permits translocation of lipopolysac-
charides and inflammatory cytokines into systemic circulation, which may subsequently
activate microglia and promote chronic neuroinflammation. Increased production of in-
flammatory cytokines, oxidative stress, and altered immunecell responses are increasingly
recognized as important mediators linking gut dysbiosis with chronic disease progression.
SCFAs such as butyrate, acetate, and propionate help maintain intestinal epithelial tight
junctions, regulate microglial maturation, and suppress excessive inflammatory signaling.
Dysbiosis-associated reduction in SCFA production may therefore compromise gut barrier
integrity and promote systemic inflammation.

Emerging evidence strongly implicates gut–brain–immune dysregulation in neurode-
generative disorders such as Alzheimer’s disease (AD) and Parkinson’s disease (PD). Exper-
imental studies in PD models treated with alpha-synuclein oligomers have demonstrated
inflammation in both gastrointestinal and brain tissues, suggesting early involvement of
the gut immune system in disease pathogenesis [3]. Gastrointestinal abnormalities and
alpha-synuclein accumulation may occur nearly 10–15 years before the onset of motor
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symptoms, supporting the hypothesis of a gut-origin component in PD progression [4].
Similarly, alterations in gut microbial diversity have been associated with amyloid plaque
deposition and cognitive decline in AD models, potentially mediated through inflamma-
tory signaling pathways [5]. Increased intestinal permeability permits translocation of
lipopolysaccharides and inflammatory cytokines into the systemic circulation, which may
subsequently activate microglia and promote chronic neuroinflammation.

Similar mechanisms are also observed in metabolic disorders such as obesity and type
2 diabetes mellitus (T2DM), both of which are characterized by chronic low-grade inflamma-
tion. Dysbiosis-associated endotoxemia and inflammatory activation can impair pancreatic
β-cell function, alter lipid metabolism, and promote insulin resistance and obesity. Impor-
tantly, metabolic and neurodegenerative disorders share several overlapping pathological
mechanisms, including chronic inflammation, oxidative stress, mitochondrial dysfunction,
inflammasome activation, and altered immune signaling pathways [6]. Chronic adipose
tissue inflammation and metabolic endotoxemia may further promote systemic cytokine
release, oxidative stress, and impaired insulin signaling, thereby contributing to neuroin-
flammatory and neurodegenerative processes [7]. These shared features suggest significant
mechanistic overlap within the gut–brain–immune network and highlight the possibility of
common therapeutic targets [8,9].

Recent advances in high-throughput multi-omics technologies have substantially
improved our understanding of host–microbiome interactions. Approaches such as metage-
nomics, transcriptomics, metabolomics, proteomics, and single-cell sequencing allow for the
comprehensive characterization of microbial communities, immune responses, metabolic
pathways, and cellular heterogeneity at unprecedented resolution [10]. The integration of
these datasets has accelerated biomarker discovery and systems-level understanding of dis-
ease mechanisms. Compared to single-omics approaches, integrated multi-omics analyses
enable simultaneous evaluation of microbial composition, host gene expression, metabolic
alterations, and immune signaling pathways, thereby providing a more comprehensive
understanding of disease mechanisms. Emerging artificial intelligence (AI)-based analyt-
ical frameworks are increasingly supporting multi-omics data integration and precision
medicine approaches [10,11].

Future directions are to develop robust, population-specific analyses. For example,
the human populations in Europe, US, Africa, or Asia may have different gut microbiomes
due to differences in lifestyle and diet. Longitudinal studies with different demographics
and a deeper understanding of individual responses are essential. This review provides
an overview of how the gut–brain–immune axis is connected with AD and PD and other
neurodegenerative diseases and obesity and T2DM. It explains how multi-omics techniques
are being utilized to gain greater insight into the interaction between these components
and reviews current and future therapeutic and translational goals.

Rather than discussing these disorders as isolated entities, this review is organized
around the shared mechanistic framework of the gut–brain–immune axis. Particular empha-
sis is placed on convergent pathways including chronic inflammation, microbial metabolite
dysregulation, mitochondrial dysfunction, oxidative stress, and barrier impairment, while
highlighting how multi-omics technologies and AI-driven integration approaches are ad-
vancing translational understanding across both neurodegenerative and metabolic diseases.
AI and machine learning approaches can identify complex nonlinear relationships within
large multi-omics datasets, thereby supporting biomarker discovery, predictive disease
modeling, patient stratification, and precision medicine strategies.

Several previous reviews have independently examined gut microbiota dysbiosis,
neuroinflammation, or microbiome-associated metabolic disorders. However, most have
focused either on single diseases, isolated omics platforms, or conventional microbiome-
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centered mechanisms. The present review provides an integrated overview of the gut–
brain–immune axis by combining evidence from neurodegenerative and metabolic dis-
eases with emerging multi-omics technologies, including metagenomics, transcriptomics,
metabolomics, proteomics, single-cell sequencing, and AI-assisted data integration. Partic-
ular emphasis is placed on shared mechanistic pathways and the translational potential
of systems-level approaches for biomarker discovery and precision medicine. For this
narrative review, literature searches were conducted using PubMed, Scopus, and Web
of Science databases, focusing primarily on studies published between 2015 and 2025.
Search terms included combinations of ‘gut–brain axis’, ‘gut microbiota’, ‘multi-omics’,
‘metagenomics’, ‘transcriptomics’, ‘metabolomics’, ‘proteomics’, ‘neurodegenerative dis-
eases’, ‘metabolic diseases’, ‘microbiome’, ‘AI’, and ‘precision medicine’. Relevant original
articles, experimental studies, clinical investigations, and recent review articles related to
neurodegenerative and metabolic disorders were considered.

2. Overview of the Gut–Brain–Immune Axis
The gut–brain–immune axis comprises the interconnected gut microbiota, gut, CNS,

and immune system, which exchange biochemical, neural, and immunological signals that
maintain homeostasis rather than operate independently as an integral system. Disruption
of this dynamic axis promotes chronic inflammation, neurodegenerative, and metabolic
disorders. The gut–brain–immune axis represents the interconnected communication
network between the gut microbiota, gut, CNS, and the immune system (Figure 1). This
bidirectional communication network dynamically integrates neural pathways such as the
vagus nerve and enteric nervous system, endocrine signaling through hormones and the
hypothalamic–pituitary–adrenal axis, immune-mediated cytokine signaling, and microbial
metabolites including SCFAs and bile acids.

Figure 1. Integrated gut–brain–immune axis in neurodegenerative and metabolic diseases. The figure
illustrates the bidirectional communication network linking gut microbiota, the immune system,
metabolic organs, and the central nervous system (CNS). Gut microbial composition is influenced
by diet, lifestyle, medications, genetics, and environmental factors. Beneficial microbial metabolites,
including short-chain fatty acids (SCFAs), bile acids, tryptophan metabolites, and neurotransmitter
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precursors, contribute to intestinal barrier integrity, immune homeostasis, and neurophysiological
signaling. In contrast, dysbiosis promotes intestinal barrier dysfunction (“leaky gut”), reduced tight
junction protein expression, and translocation of microbial products such as lipopolysaccharides
(LPS) into systemic circulation, leading to endotoxemia and chronic low-grade inflammation. The
immune compartment highlights activation of innate and adaptive immune responses, including
Toll-like receptor (TLR) and inflammasome signaling, cytokine release (IL-1β, IL-6, TNF-α, IFN-γ),
and immunecell activation. These inflammatory mediators contribute to blood–brain barrier (BBB)
disruption, oxidative stress, mitochondrial dysfunction, and neuroinflammation characterized by
microglial and astrocyte activation. Neurodegenerative processes including amyloid-β aggregation,
tau hyperphosphorylation, α-synuclein accumulation, synaptic dysfunction, neuronal loss, and
cognitive or motor impairment are illustrated. The figure also demonstrates interactions with
metabolic organs, including adipose tissue, liver, pancreas, and skeletal muscle, linking gut dysbiosis
with obesity, insulin resistance, type 2 diabetes mellitus (T2DM), and NAFLD/MASLD. Neural and
endocrine pathways, including vagus nerve signaling and stress-related hypothalamic–pituitary–
adrenal (HPA) axis modulation, further integrate gut–brain–immune communication. Overall, the
figure summarizes how dysregulation of interconnected microbial, immune, neural, and metabolic
pathways contributes to the pathogenesis of neurodegenerative and metabolic diseases.

2.1. Gut Microbiota and Host Homeostasis

The gut microbiota in the gastrointestinal tract of humans contains trillions of bacteria,
archaea, fungi, and viruses, which play numerous roles like digestion, vitamin production,
training of the immune system, and the maintenance of gut epithelial integrity [12]. In
addition to these benefits, gut bacteria also create a variety of biologically active metabolites
that have implications for remote organs of the host, including the brain.

A variety of microbial products have received significant study, including SCFAs such
as butyrate, acetate, and propionate, all made through the bacterial fermentation of fiber;
they contribute to the maintenance of gut epithelial integrity, regulation of inflammatory
responses in the gut, and proper microglial development in the brain [13]. Gut microbes
and their metabolites also interact closely with intestinal epithelial cells and immune cells
to maintain immune tolerance and mucosal homeostasis. Butyrate in particular has anti-
inflammatory and neuroprotective effects by serving as an inhibitor of histone deacetases
and regulators of immune signaling pathways, but gut microbes play many more roles
including the metabolism of bile acids [14]. Bile acid signaling through receptors such as
FXR and TGR5 further contributes to immune and metabolic regulation. Catabolism of the
amino acid tryptophan leads to the creation of the neurotransmitter acetylcholine. Microbial
regulation of tryptophan metabolism and the kynurenine pathway may influence serotonin
synthesis, neuroinflammation, and immune signaling [15]. Under normal circumstances,
the gut barrier functions to prevent migration of these bacteria or products into the blood.
However, changes to the normal microbial composition or dysbiosis result in the failure of
intestinal epithelial tight junctions, making the gut leaky, thereby increasing migration of
bacterial products such as lipopolysaccharides (LPS), inflammatory cytokines, and immune
cells into the bloodstream and thereby stimulating chronic inflammation and activating
the immune system. These changes are well documented in metabolic and neurologically
focused dysbiosis models [8].

2.2. Neural Communication Between the Gut and Brain

Gut–brain crosstalk is a complex bidirectional dialogue, carried out via multiple mech-
anisms involving the vagus nerve, the enteric nervous system, the spinal pathways, and
the neuroendocrine system. Enteric glial cells also contribute to neuroimmune signaling by
regulating intestinal barrier integrity and inflammatory responses. The vagus nerve, among
the main pathways in gut–brain signaling, conveys sensory signals from the gastrointestinal
system toward the brainstem and governs activities of the gut such as transit, and also
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controls the inflammatory response [11]. Microbiota-produced molecules impact neuronal
activity either directly or indirectly. Many species create some neurotransmitters or neu-
roactive molecules such as GABA, serotonin, dopamine, and acetylcholine. These microbial
metabolites may further influence synaptic plasticity, neuronal signaling, and neurobehav-
ioral regulation [16]. Most peripheral neurotransmitters are unable to cross the blood–brain
barrier properly, but they do modulate neural activity via either parasympathetic nerve
activation or the immune system. Almost 90% of the serotonin in our body is synthesized
in the intestine, highlighting the functional relationship between the physiology of intestine
and regulation of neurobehavior.

The hypothalamic–pituitary–adrenal axis forms another key component of the
gut–brain–immune system. Psychological stress is a trigger that increases HPA axis activity
and induces glucocorticoid release and changes in gut permeability, as well as shifts in
microbiota composition. Furthermore, changes in gut flora are linked to increased vulnera-
bility of an animal’s stress response and endocrine responses, thereby proving again that
the two sides of the system influence one another [17].

2.3. Immune Crosstalk and Neuroinflammation

The immune system is one of the main means of mediating between the microbial
world and the brain. The intestinal mucosal barrier contains a large population of innate
and adaptive immune cells that continuously interact with gut microbiota and microbial
metabolites to maintain immune homeostasis [18]. In a healthy state, this keeps the immune
system and gut lining working under homeostasis, with controlled and healthy levels of
inflammation; a dysbiotic state of the gut, however, could mean an inability to produce
enough of certain molecules and produce enough inflammatory molecules (and in some
cases, enough pro-inflammatory ones), which may travel into the systemic circulation
and then into the brain. Chronic systemic inflammation is known to drive microglial
activation and cause neuronal degeneration, insulin resistance, and metabolic disease [19].
Microglia (resident brain immune cells) responds directly to inflammatory changes in
the blood; these are known to damage neurons with sustained inflammation. Astrocyte
activation, peripheral immune cell infiltration, and cytokine-mediated pathways involving
IL-6, TNF-α, and IL-1β further contribute to chronic neuroinflammation and inflammasome-
associated neurotoxicity [20].

Studies have found that microbial metabolites may have both anti- and pro-
inflammatory effects. Some, like SCFAs, generally act in an anti-inflammatory manner,
whereas endotoxins such as LPS trigger Toll-like receptors and nuclear factor-kappa B (NF-
kB), triggering pro-inflammatory signaling and increasing both reactive oxygen species
and mitochondrial damage seen in neurodegenerative diseases such as Huntington’s and
Parkinson’s and metabolic disorders like obesity and diabetes.

2.4. Blood–Brain Barrier Dysfunction and Systemic Effects

The blood–brain barrier (BBB) acts as a protective mechanism for the CNS from blood-
borne toxins and inflammatory substances. Emerging research points to the involvement
of gut dysbiosis and systemic inflammation in weakening the BBB’s function. Disruption
of tight junction proteins, endothelial dysfunction, oxidative stress, and circulating endo-
toxins such as lipopolysaccharides may further increase BBB permeability and facilitate
neuroinflammatory damage [21]. This impairment allows for more substantial passage of
inflammatory cytokines and bacterial components to the brain tissue, potentially contribut-
ing to neuroinflammation [22]. Increased BBB permeability has been found to occur in
diverse diseases, such as Alzheimer’s and MS. Impaired integrity of the BBB is associated
with continued neuroinflammation through the activation of microglia cells, resulting in
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further astrocytosis and creating an inflammatory cascade. The gut–brain axis interacts
closely with inflammatory pathways that occur in non-neurologic and non-gastrointestinal
tissues such as the liver, pancreas, and adipose tissues. The gut–brain axis is considered an
important regulating axis underlying chronic disease development instead of being specific
to the gut or brain.

3. Integrative Multi-Omics and AI Approaches in Gut–Brain–Immune
Axis Research

Given the complex and interconnected nature of the gut–brain–immune axis, advanced
analytical approaches are required to comprehensively evaluate microbial composition,
immune responses, metabolic signaling, and cellular heterogeneity. Recent advances in
high-throughput multi-omics technologies have enabled systems-level characterization
of host–microbiome interactions and substantially improved understanding of neurode-
generative and metabolic disease mechanisms. With recent progress in high-throughput
omics technologies, such an analytical shift toward systems-level characterization of host–
microbiome interactions at multi-level layers in neurodegenerative diseases or metabolic
syndrome has opened up and, more recently, tremendously advanced the field.

3.1. Metagenomics and Microbial Community Profiling

Metagenomics is a fundamental approach in microbiome science. DNA extracted
from complex microbiome samples, along with extensive knowledge of genome sequences
in public databases, through next-generation sequencing generates a massive amount
of DNA sequencing data, enabling comprehensive profiling of microbial diversity (taxa)
and functional genes within a given community. Methods such as 16S ribosomal RNA
sequencing, which identifies bacterial taxa by sequencing universally, conserved 16S rRNA
genes, and whole-genome shotgun sequencing (WGSS), which sequences DNA from the
entire community, are frequently employed for characterizing the gut microbial diversity
and composition. Despite their utility, these approaches have important limitations, in-
cluding limited species-level resolution in 16S rRNA sequencing, inability to differentiate
viable from non-viable microorganisms, batch effects, and difficulties in standardizing
microbiome datasets across studies and sequencing platforms [23]. Metagenomic studies
have identified distinct microbial profiles in numerous neurological and metabolic disor-
ders, such as the reduced presence of butyrate-producing Faecalibacterium, Roseburia, and
Prevotella species in obesity, T2DM, and neurodegenerative disorders such as Parkinson’s
and Alzheimer’s diseases [24], alongside increased abundance of pro-inflammatory taxa
such as Bacteroides, which have been associated with increased systemic endotoxemia and
inflammatory activation. Not only will metagenomics identify bacteria within gut micro-
biomes but it may also predict genes and functional metabolic pathways—such as amino
acid and bile acid metabolism and biosynthesis of small-molecule drugs, neurotransmitters,
vitamins, and inflammatory mediators—that carry out these functions in these specific gut
microbes. Gut microbiome analysis may prove beneficial for gut–brain and gut–immune
communication research because gut microbial composition alone does not correlate to the
biological functions that play roles in gut diseases [25].

3.2. Transcriptomics and Host Immune Responses

Host transcriptomics primarily evaluates gene-expression changes in host tissues
and immune cells, whereas metatranscriptomics analyzes actively expressed microbial
genes within the microbiome. In contrast, single-cell transcriptomics enables characteri-
zation of gene-expression patterns at the individual-cell level, allowing identification of
cellular heterogeneity and cell-specific responses [26,27]. The study of transcriptomics
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(bulk RNA sequencing and microarrays) tells us about the genes in host tissue that are
activated or inactivated during microbiota disorders and inflammation. Transcriptomic
technologies have been utilized in many studies to highlight immune activation, inflam-
matory signaling in the brain, and metabolic alterations both in peripheral locations (for
example, the gut) and the CNS. Multiple studies have shown upregulation of inflammatory
genes that promote nuclear factor-kappa B (NF-κB), inflammasome activation, cytokine
production, and the activity of oxidative stress enzymes in patients with chronic conditions,
such as metabolic and neurodegenerative disorders [11]. Additional pathways including
JAK/STAT signaling, interferon-mediated responses and mitochondrial stress response
pathways have also been implicated in neuroimmune and metabolic dysregulation [28].
Furthermore, transcriptomic profiling has identified pathways linked to the activation of
resident microglia and the function of mitochondria and insulin signaling that are out of
balance. By merging transcriptomics and metagenomics results, new insights into possible
host–microbe crosstalk during pathogenesis become apparent. Gut microbiome dysbiosis
and changes in immune cell expression are, for instance, found to be in sync with altered
expression of intestinal barrier integrity, inflammatory cell trafficking, and neuroimmune re-
sponse signaling pathways. These combined data offer further insights into the underlying
biological mechanisms, far beyond taxonomic links with specific microbes.

3.3. Metabolomics and Microbial-Derived Signaling Molecules

Metabolomics investigates the identification of tiny molecules and metabolic interme-
diates found in samples. The gut microbiota’s metabolites are among the primary mediators
of gut–brain communication, so metabolomics is frequently used in the field. Short-chain
fatty acids, secondary bile acids, indole compounds, trimethylamine N-oxide (TMAO), and
tryptophan metabolites, among others, originate from gut microbes and have effects on
inflammation, neuronal communication, and metabolic control [29]. Emerging lipidomics
approaches, including studies of endocannabinoid signaling and oxidative stress-related
lipid metabolites, are also providing important insights into neurodegeneration, inflamma-
tion, and metabolic dysfunction. Patients with Alzheimer’s disease, Parkinson’s disease,
obesity, and type 2 diabetes (T2DM) all exhibit altered metabolite levels, implying that
there might be shared metabolic disruptions that connect these illnesses [30].

Tryptophan metabolism is fascinating since it influences bacterial growth and its
regulation in neurotransmitter and hormone systems, namely, via serotonin production,
serotonin degradation, and tryptophan kynurenine metabolism (kynurenine pathway).
Studies have shown that changes in tryptophan metabolites are correlated with the onset
and manifestation of depression, cognitive function, and metabolic inflammation. Like-
wise, reduced levels of butyrate and other short-chain fatty acids (SCFAs) are linked to
reduced integrity of the gut barrier and the amplification of inflammatory processes in
other systems. In relation to microbiome profiling methods like sequencing (taxonomic and
functional), metabolomics is more representative of direct microbial metabolism of food
and can track the functional contribution of microbes and metabolites of gut microbes to
neuroinflammation and other pathological effects observed at distant sites, i.e., throughout
the gut–brain axis [31].

3.4. Proteomics and Inflammatory Signaling Networks

Proteomics allows for the comprehensive study of the proteins, cytokine networks,
enzyme activities, and signaling pathways that are keys to pathogenesis. These pro-
teomic analyses have been performed using diverse sample sources, including plasma,
cerebrospinal fluid (CSF), brain tissue, intestinal tissue, and experimental animal models,
each providing distinct biological and clinical insights. Since proteins are the effector
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molecules of gene expression, proteomics offers indispensable perspectives on dynamic
cell signaling as well as the regulation of immunity. Studies of proteomic signatures in neu-
rodegenerative disease show the increased involvement of immune modulatory molecules
including numerous mediators of inflammation (e.g., IL-6, TNF-α), the complement system,
and synapse-related proteins (e.g., SNAP-25), as well as evidence of heightened oxidative
stress [32]. Proteomics in the field of metabolic disorders is frequently characterized by
the dysregulation of insulin signaling proteins, key inflammatory molecules (e.g., IL-1β,
IL-8), and mitochondrial enzymes that manage energy production (e.g., ATP synthase
subunit β) [33]. Integrating proteomics with metabolomics has allowed for further assess-
ment of how microbial metabolites modulate immune signaling and directly influence
neurons. Such comprehensive approaches may ultimately enable the identification of
potential circulating protein markers that serve roles as diagnosticians or prognostics of
various conditions.

3.5. Single-Cell and Spatial Omics Technologies

Conventional bulk omics approaches average gene expression across cell mixtures and,
hence, it is challenging to resolve cell-specific responses associated with disease pathogene-
sis. Single-cell sequencing techniques allow for profiling the transcriptome of individual
cells within a population, enabling the identification and annotation of distinct immune
cells and neurons that participate in disease pathways. Single-cell RNA sequencing analy-
sis has unveiled the significant diversity of microglia, astrocytes, and intestinal epithelial
cells and also immune cell populations present in chronic neuroinflammation, as well as
those associated with metabolic disorders [34], helping improve understanding of how
cells interact in the gut–brain–immune axis and which cells contribute to inflammatory
processes of particular diseases. Spatial transcriptomics provides a parallel approach by
integrating genomic analysis with spatial information and tissue morphology, which al-
lows for the visualization of inflammatory sites and microbe–host interactions, as well
as neuroimmune responses within tissues. Although still developing, the use of spatial
omics in the study of disease-related tissues promises to further increase the understanding
of niche-specific features and processes contributing to pathologies [35]. However, these
technologies remain limited by their high cost, computational complexity, tissue preser-
vation requirements, and challenges related to spatial resolution and cross-platform data
integration. Combining spatial transcriptomics with advanced imaging approaches may
further improve characterization of tissue-specific neuroimmune interactions.

3.6. Artificial Intelligence and Multi-Omics Integration

As large amounts of multi-omics data are produced, sophisticated analytical tools are
required for the interpretation of this complex data. Several recent works have applied AI
or machine learning approaches to integrate metagenomic, transcriptomic, metabolomic,
and clinical datasets for identifying potential biomarkers and improving applications in
personalized medicine [36,37]. Artificial intelligence and machine learning algorithms
are increasingly being used to integrate metagenomic, transcriptomic, metabolomic, and
clinical data in identifying new biomarkers for disease prediction and finding personalized
therapies for different patient populations. These artificial intelligence-based analyses
allow researchers to discover nonlinear complex patterns or interactions in the data that
cannot be addressed through standard statistical methods. However, important limitations
remain, including risks of model overfitting; limited availability of external validation
cohorts; challenges in interpreting AI-derived biomarkers; and ethical concerns related to
patient privacy, data integration, and clinical implementation. Several examples of machine
learning applications in health have been published: the identification of diagnostic and
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predictive markers to detect disease risk and progression in metabolic diseases or to identify
specific microbiome-associated biomarkers and stratification strategies of patient groups in
Alzheimer’s disease and other neurological conditions [38]. The primary challenges facing
the multi-omics era are the standardization and reproducibility of methodologies, as well
as the integration of heterogeneous data acquired from various populations and platforms.
Despite these obstacles, AI-assisted multi-omics will be crucial in future precision medicine
strategies targeting the gut–brain axis (Table 1).

Table 1. Overview of major multi-omics technologies applied in gut–brain–immune axis research.

Technology Biological Material
Analyzed

Major Applications in
Gut–Brain–Immune

Axis Research
Strengths Limitations

Metagenomics Stool samples,
intestinal biopsies

Characterization of gut
microbial diversity,
functional microbial
genes, dysbiosis
profiling in AD, PD,
obesity, T2DM

Comprehensive
microbial profiling;
identifies taxonomic
and functional
composition

Limited species-level
resolution in 16S
sequencing; batch
effects; cannot
distinguish
viable/non-viable
microbes

Transcriptomics
Brain tissue, intestinal
tissue, immune cells,
blood

Analysis of host
inflammatory signaling,
immune activation,
mitochondrial
dysfunction,
neuroimmune
pathways

Identifies
disease-associated
gene-expression
changes

Bulk transcriptomics
lacks cell-specific
resolution

Metatranscriptomics Microbial RNA from
stool or tissue samples

Evaluation of actively
expressed microbial
genes and metabolic
activity

Captures functional
microbial activity

Technically complex;
RNA instability;
computationally
intensive

Metabolomics Serum, plasma, CSF,
stool, urine

Analysis of SCFAs, bile
acids, tryptophan
metabolites, TMAO,
oxidative stress
metabolites

Reflects functional
metabolic interactions
between host and
microbiota

Metabolite levels
influenced by diet,
medications, and
environment

Proteomics Plasma, CSF, brain
tissue, intestinal tissue

Identification of
inflammatory
cytokines, signaling
proteins, oxidative
stress markers

Direct assessment of
functional protein
networks

Protein complexity and
variability complicate
interpretation

Single-Cell Omics

Individual immune
cells, neurons, glial
cells, intestinal
epithelial cells

Characterization of
cellular heterogeneity
and cell-specific
inflammatory
responses

High cellular
resolution; identifies
rare cell populations

High cost;
computational
complexity

Spatial Omics Preserved tissue
sections

Spatial mapping of
neuroimmune
interactions and
tissue-specific signaling

Preserves tissue
architecture and spatial
relationships

Tissue preservation
challenges; limited
spatial resolution

AI/Machine Learning
Integration

Integrated multi-omics
and clinical datasets

Biomarker discovery,
predictive modeling,
patient stratification,
precision medicine

Detects complex
nonlinear biological
relationships

Risk of overfitting;
limited external
validation;
interpretability and
ethical concerns
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4. Gut–Brain–Immune Axis in Neurological and Neuropsychiatric
Disorders

Neurodegenerative diseases are increasingly associated with gut microbiota dysbiosis,
chronic neuroinflammation, immune dysregulation, mitochondrial dysfunction, and altered
microbial metabolite signaling. Multi-omics studies have identified overlapping inflamma-
tory and metabolic pathways linking gut–brain–immune dysfunction with disorders such
as Alzheimer’s disease and Parkinson’s disease.

4.1. Alzheimer’s Disease

It is no mystery that Alzheimer’s is the most common neurodegenerative illness
worldwide and is identified by a gradually worsening inability to think properly, large
extracellular amyloid plaque clumps, hyperphosphorylated tau protein, impaired commu-
nication between neurons, and ongoing neuroinflammation. Moreover, recent research has
provided considerable evidence that changes in gut microbiota alterations are implicated
in AD pathogenesis. Different groups have found lower microbial diversity in AD patients
along with decreased amounts of certain bacteria known for reducing inflammation [39].
Fewer gut bacteria produce short-chain fatty acids. This might hurt the health of the intesti-
nal lining and result in systemic inflammation. Greater gut permeability allows endotoxins
from gut microbes—like LPS—to migrate into the circulation. This may promote systemic
immune activation in the rest of the body, which further activates neuroinflammation in the
brain. Chronic inflammatory signaling may promote microglial priming and NLRP3 inflam-
masome activation, thereby amplifying neurotoxicity and amyloid-associated pathology.
Neuroinflammation is a major contributor to the ongoing deterioration in AD. Periph-
eral cytokines like IL-1β, IL-6, and TNF-α can travel across or compromise the BBB [40].
This in turn stimulates microglia cells (the brain’s resident immune cells) and glial cells
(the brain’s supporting cells) to become more active inside the central nervous system. If
this stays ongoing, those immune cells cause more oxidative stress and damage neurons.
Chronic peripheral inflammation may also promote tau hyperphosphorylation, impair
synaptic plasticity, and contribute to progressive neuronal dysfunction. Moreover, chronic
activation is associated with additional amyloid plaques being created [41]. By examining
different chemicals found in the bodies of AD patients, we have also noticed changes in
bile acids, tryptophan byproducts and microbial-produced lipids. Some chemicals cre-
ated by gut microbes might have a direct impact on amyloid creation and the systems
by which neurons interact with one another. Microbial amyloids may also contribute to
amyloid cross-seeding mechanisms and further stimulate inflammatory responses [42]. The
combination of findings from these various studies has demonstrated that gut bacterial
imbalances and problems with the immune system might be linked together in Alzheimer’s
development, rather than simply being results of the disease.

4.2. Parkinson’s Disease

Parkinson’s disease (PD) primarily refers to dopaminergic neuronal loss within the
substantia nigra. Parkinson’s disease is increasingly recognized as a multisystem disorder
involving both central and enteric nervous system pathology [43]. Some signs of Parkin-
son’s disease can predate the emergence of motor symptoms by many years, suggesting a
partial origin of Parkinson’s disease from the gut. One possible model states that patho-
logical aggregates of misfolded alpha-synuclein originate in the enteric nervous system
before spreading to the brain through the vagus nerve [4]. This concept is consistent with
Braak’s hypothesis, which proposes that pathological α-synuclein aggregation may orig-
inate in the enteric nervous system and propagate to the CNS through vagal pathways.
Gastrointestinal dysfunction, particularly constipation, is also recognized as an important
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prodromal feature of PD [44]. Evidence that aligns with this idea is the observation of
abnormal gut bacteria compositions as well as increased evidence of intestinal inflamma-
tion among PD patients. Metagenomic research often shows a decline in the proportion of
bacteria beneficial for SCFAs and, conversely, increased proportions of harmful bacteria
that induce pro-inflammation. These reduced SCFA proportions can potentially undermine
the structural integrity of the intestinal barrier and affect the development of microglia,
which could trigger neuroinflammation. Simultaneously, greater absorption of lipopolysac-
charide into the bloodstream along with the release of cytokines involved in inflammation
leads to the NF-κB pathway becoming activated, along with the occurrence of oxidation
stress. Other findings from transcriptomics and proteomics have implicated disordered
immune response pathways involving mitochondria and immune signaling, as well as
inefficient cellular debris management in PD [45]. Impaired mitochondrial quality-control
pathways and autophagy dysfunction may further contribute to α-synuclein accumula-
tion and neuronal injury. In addition, gut microbial metabolites may influence dopamine
metabolism and neurotoxicity, further linking intestinal dysbiosis with PD progression [46].
In addition, gut microbe metabolites could alter dopamine metabolism and neurochemical
messaging, providing yet another pathway linking intestinal microbial disturbances to
brain degeneration. Some studies incorporating microbiome, metabolomics, and host gene
expression have revealed markers associated with Parkinson’s disease that can be used for
diagnostic purposes. Causality is not entirely understood, but substantial research does
strongly support the link between gut–brain–immune processes in Parkinson’s disease
progression [47].

4.3. Multiple Sclerosis

MS is a chronic inflammatory autoimmune disease with inflammation of myelin in
the CNS. Experimental autoimmune encephalomyelitis (EAE) animal models have further
demonstrated that alterations in gut microbiota composition can influence neuroinflam-
mation and disease severity in MS [48]. It differs from Alzheimer’s disease (AD) and
Parkinson’s disease (PD) in its primarily immune-mediated nature and importance for
the gut–brain axis. We observed specific gut microbial signatures of dysbiosis among
MS patients in that there were increases in pro-inflammatory microorganisms capable of
driving the differentiation of Th17 cells that produce inflammatory cytokines and marked
decreases in anti-inflammatory bacteria generally considered beneficial for the regulation of
CNS immune responses [49]. Microbial factors may affect tight junction protein expression
to impact the permeability of the blood–brain barrier, driving microglial activation and
inducing the differentiation of inflammatory Th17 cells and decreasing regulatory T cell
activity that reduces neuroinflammation. In contrast, dysbiosis may lead to an increase in
lipopolysaccharide from Gram-negative bacteria, which can activate microglial cells and
promote Th1 cell activation, leading to inflammation. RNA sequencing and single-cell
sequencing technologies reveal an abundance of heterogeneity in MS. Molecular mimicry
between microbial antigens and host proteins may further contribute to autoimmune acti-
vation in MS. Increased BBB permeability and trafficking of gut-primed immune cells into
the CNS may additionally promote neuroinflammatory and demyelinating processes [50].
Activated microglia, astrocytes, macrophages, and activated autoreactive T lymphocytes
all contribute to inflammation, the ultimate destruction of myelin, and subsequent injury
to the CNS. As such, a combination of multi-omics approaches to combine microbiome and
immune profiles has become of greater significance to investigate disease heterogeneity
and pinpoint new therapeutic targets.
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4.4. Depression and Neuropsychiatric Disorders

While not traditionally viewed as “neurodegenerative diseases”, depression and most
neuropsychiatric disorders also show a close relationship to the gut microflora and its
dysbiosis, chronic system inflammatory activation, and an array of different forms of neu-
roinflammatory reaction. Metabolic dysregulation of neurotransmitters and hypothalamic–
pituitary–adrenal axis (HPA) axis dysregulation are most frequently associated with depres-
sive disorders. The gut microbiota influences neurotransmitters (i.e., serotonin, dopamine),
GABA or tryptophan metabolism, and the production of metabolites derived from tryp-
tophan, as these contribute to mood [51]. It also may activate tryptophan to its neuro-
toxic metabolite forms associated with depression via activation of the kynurenine path-
way in chronic inflammation originating from dysbiosis flora [51]. Metatranscriptomic,
metabolomic, and metagenomic sequencing in cohorts in different locations has globally
confirmed that depression has associated microbial signatures that include some micro-
bial groups with a reduced abundance but not to the degree that it suggests significant
loss, as well as an increased presence of other specific microbes. A variety of metabolic
compounds can also be produced, which are linked to depression, but findings are not ex-
actly consistent among different depression study populations. These inconsistencies may
partly reflect differences in diet, medication exposure, geography, lifestyle factors, study
design, and population heterogeneity, which continue to complicate the interpretation of
microbiome findings in psychiatric disorders. However, the evidence is overwhelming
that neuroinflammation and microbiome-related metabolic disorders may contribute to the
pathology of psychiatry. Degenerative and neuropsychiatric diseases share important mech-
anistic components including microflora, inflammation, mitochondrial dysfunction, and
chronic inflammatory signaling as part of common pathobiology and further application of
multi-omics techniques will help better understand this intricate biological communication,
leading to novel therapeutic treatments (Table 2).

Table 2. Comparative summary of gut–brain–immune alterations across neurological and neuropsy-
chiatric disorders.

Disease Microbiota Alterations Key Inflammatory
Pathways Implicated Metabolites Major Omics Findings

Alzheimer’s disease
Reduced microbial
diversity; reduced
SCFA-producing bacteria

Microglial activation,
IL-1β, IL-6, TNF-α,
NLRP3 inflammasome

Reduced SCFAs, altered
bile acids, tryptophan
metabolites

Metagenomics and
metabolomics link
dysbiosis with amyloid
pathology and cognitive
decline

Parkinson’s disease

Reduced beneficial
SCFA-producing taxa;
increased
pro-inflammatory taxa

NF-κB activation,
oxidative stress, intestinal
inflammation

Reduced SCFAs, altered
dopamine-related
metabolites

Multi-omics links
dysbiosis with
α-synuclein aggregation,
mitochondrial
dysfunction, and
gut-origin mechanisms

Multiple sclerosis

Increased
pro-inflammatory taxa;
reduced
anti-inflammatory bacteria

Th17/Treg imbalance, BBB
disruption, autoimmune
inflammation

SCFAs, tryptophan-related
metabolites

Transcriptomics and
single-cell omics identify
immunecell heterogeneity
and neuroinflammatory
signatures

Depression/
neuropsychiatric disorders

Altered microbial
diversity; inconsistent
cohort-specific signatures

HPAaxis dysregulation,
chronic inflammation,
cytokine signaling

Tryptophan–kynurenine
metabolites,
serotonin-related
metabolites

Metagenomics and
metabolomics associate
dysbiosis with mood
regulation and
neuroinflammation
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5. Gut–Brain–Immune Axis in Metabolic Diseases
Metabolic diseases like obesity, T2DM, and NAFLD are a group of chronic inflamma-

tory disorders with strong involvement of the gut microbiome as well as immune cells, both
having crucial functions, roles, and mechanisms in these metabolic disorders. Metabolic
diseases such as obesity, type 2 diabetes mellitus (T2DM), and NAFLD are increasingly
associated with gut microbiota dysbiosis, immune dysregulation, and chronic low-grade
inflammation. Alterations in intestinal barrier integrity, microbial metabolites, and endo-
toxemia may contribute to impaired metabolic signaling, insulin resistance, and systemic
inflammatory activation within the gut–brain–immune axis [52].

5.1. Obesity

The presence of excess fat accumulation defines obesity; nevertheless, the inflamma-
tion inherent in metabolic dysfunction serves as another crucial hallmark. Certain microbial
compositions have become linked to the prevalence of obesity, although these patterns
may differ among demographics and diets. Some studies have reported reduced microbial
diversity and alterations in the Firmicutes/Bacteroidetes ratio in obesity, although findings
remain inconsistent across different populations, diets, and study designs [53]. Food can
disrupt balance, and this dysbiosis may cause increased absorption by the intestines, en-
abling more microbial endotoxins such as lipopolysaccharides to travel into the blood, a
process called metabolic endotoxemia, thereby activating cell-surface-mounted Toll-like
receptor pathways to induce the release of inflammatory mediators such as tumor necrosis
factor-alpha (TNF-α), IL-1β, and IL-6 [54]. Persistent, but minimal, inflammation leads
to adipose tissue dysfunction, resistance to insulin, and changes in the body’s processing
of fats. Adipose tissue macrophage polarization toward a pro-inflammatory phenotype,
leptin resistance, and hypothalamic inflammation may further disrupt appetite regulation,
energy homeostasis, and neuroimmune signaling in obesity [55].

There are additional microbes affecting the regulation of hunger and energy use.
SCFAs affect the secretion of hunger-inducing gut hormones, such as glucagon-like peptide-
1 and peptide YY, influencing appetite and glucose metabolism. Additionally, gut microbial
action on bile acid metabolism influences how lipids in the body are regulated, and include
inflammatory responses through Farnesoid X receptor and Takeda G protein-coupled
receptors in the cell. Activation of FXR and TGR5 signaling pathways may influence glucose
homeostasis, lipid metabolism, inflammatory responses, and neuroimmune communication
within the gut–brain axis. Transcriptomic and metabolomic data reveal several identical
inflammatory pathways that occur in obesity and neurodegenerative disorders; common
examples are the activation of the transcription factor NF-κB, oxidative stress, and failure
of mitochondria. Research findings indicate that the inflammation connected to obesity has
the ability not just to increase metabolic disorder symptoms but also to lower cognition
and spark brain inflammation as well.

5.2. Type 2 Diabetes Mellitus

Accumulating evidence suggests that gut microbiota dysbiosis contributes to metabolic
dysfunction in T2DM. With increased frequency, metagenomic studies performed in T2DM
patients with dysbiotic gut microbiomes have reported fewer helpful butyrate-producing
bacteria, as well as a higher abundance of some inflammation-associated opportunistic
bacteria [56]. There seems to be evidence that fewer short-chain fatty acids are produced,
leading to weaker gut barrier functions and an even further escalation of inflammatory
processes that contribute to insulin resistance.

T2DM patients also generally suffer from much higher levels of ongoing chronic
immune activation. These increased inflammatory cytokines result in impaired insulin
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signaling and therefore poor handling of sugars within the liver, muscle, and adipose
tissues. Gut microbial metabolites may also influence incretin signaling pathways such as
those involving glucagon-like peptide-1 (GLP-1), insulin sensitivity, and glucose homeosta-
sis. In addition, mitochondrial dysfunction and oxidative stress within pancreatic β-cells
may further contribute to impaired insulin secretion and metabolic dysregulation [57].
Inflammasomes and oxidative stress activation lead to pancreatic Beta cell loss and a
worse metabolic profile. Bile acid metabolism is disturbed, BCAAs are increased, and Trp
metabolism is altered. Elevated branched-chain amino acids (BCAAs) have been associated
with impaired insulin signaling, mitochondrial dysfunction, and chronic metabolic inflam-
mation, thereby contributing to insulin resistance and glucose dysregulation [58]. Some
of these alterations lead to an improvement in peripheral insulin sensitivity, but others
alter metabolism centrally. Emerging evidence also suggests a bidirectional relationship
between gut microbiota alterations and metabolic dysregulation in T2DM. Multi-omics
integration between microbiome, transcriptome, and metabolome data has pointed to a
few possible markers for early diagnosis, and even some promising models using machine
learning to define metabolic risk factors solely based on their microbiome features.

5.3. Non-Alcoholic Fatty Liver Disease

Metabolic dysfunction-associated steatotic liver disease (MASLD; historically termed
NAFLD) is closely associated with obesity, insulin resistance, and gut microbial dysbio-
sis [59]. The gut–liver axis is now considered the most important anatomical structure
responsible for transferring intestinal contents and their metabolic mediators to the liver.
Intestinal dysbiosis promotes changes in intestinal barrier permeability that help the pas-
sage of circulating bacterial endotoxins and inflammatory components into the liver via
portal circulation, leading to liver inflammation and fibrosis. Activation of Kupffer cells,
oxidative stress, and chronic cytokine signaling further contribute to hepatic inflamma-
tion, fibrosis progression, and metabolic dysfunction. Moreover, increased permeability
and a change in the balance of microbiota with dysbiosis induce profound changes in
bile acids, choline breakdown, and SCFA production by bacterial fermentation, which
influence lipid metabolism [59]. BBB dysfunction may additionally facilitate accumulation
of inflammatory mediators and amyloid-related pathology within the CNS. Some of the
inflammation and metabolic pathways that lead to MASH, such as enhanced mitochondrial
function defects and increased mitochondrial and cytoplasmic lipid droplets as well as
increased cytokine production, are similar to those in neurodegenerative diseases. Thus,
MASH is currently seen as being on a wider scale in metabolic and inflammation-related
illnesses involving multiple anatomical compartments via the gut–brain axis as well as the
gut–immune interface [59].

5.4. Shared Mechanisms Linking Metabolic and Neurodegenerative Disorders

Chronic inflammation, mitochondrial failure, oxidative stress, inhibited cellular cleans-
ing (autophagy), and modified production of bacterial metabolites seem to have been
implicated across several metabolic and neurodegenerative disorders related to the gut–
brain axis and immune interactions. Additional shared mechanisms include impaired
autophagy, endoplasmic reticulum stress, mitochondrial quality-control dysfunction, and
systemic immunometabolic dysregulation. The concept of ‘metaflammation’—chronic
low-grade metabolic inflammation—has also emerged as an important link connecting
metabolic and neurodegenerative disorders. Circadian rhythm disruption and sleep distur-
bances have also been increasingly associated with gut microbiota dysregulation, chronic
inflammation, impaired metabolic homeostasis, and neurodegenerative processes [60].
Also, metabolic disorders may promote cognitive deficit as a result of lowered utilization of
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glucose in neural tissues and heightened local inflammation, whereas neuroinflammation
can affect the metabolic state. These findings suggest potential mechanistic overlap between
metabolic and neurodegenerative disorders from the perspective of the host brain. The
same holds for recent analyses through multi-omics technologies such as genome-wide as-
sociation (GWA) studies, which also highlight interconnected networks of genes involved in
microbial ecology, immunity, and metabolism [61]. This may be an advantage for treatment
aiming at common features shared across multiple chronic conditions (Table 3).

Table 3. Multi-omics findings linking the gut–brain–immune axis with neurodegenerative and
metabolic diseases.

Disease
Major Gut
Microbiota
Alterations

Key Immune/
Inflammatory
Mechanisms

Important
Microbial

Metabolites

Major
Multi-Omics

Findings

Potential
Therapeutic
Implications

Key
References

Alzheimer’s
disease (AD)

Reduced
microbial
diversity;
decreased
SCFA-
producing
bacteria

Microglial
activation;
IL-1β, IL-6,
TNF-α; neuroin-
flammation

Reduced
butyrate;
altered bile
acids;
tryptophan
metabolites

Metagenomics
and
metabolomics
associated
dysbiosis with
amyloid
pathology and
cognitive
decline

Probiotics,
SCFA
modulation,
anti-
inflammatory
targeting

[39,41]

Parkinson’s
disease (PD)

Reduced
beneficial SCFA-
producing taxa;
increased pro-
inflammatory
microbes

NF-κB
activation;
oxidative stress;
intestinal
inflammation

Reduced
SCFAs; altered
dopamine-
related
metabolites

Experimental
and clinical
multi-omics
studies linked
with
α-synuclein
aggregation
and
mitochondrial
dysfunction

Microbiome-
targeted
therapy;
gut-origin
interventions

[4,45]

Multiple sclerosis
(MS)

Increased pro-
inflammatory
taxa; reduced
anti-
inflammatory
bacteria

Th17/Treg
imbalance;
immune
dysregulation;
BBB
dysfunction

SCFAs;
tryptophan
metabolites

Single-cell and
transcriptomic
analyses
identified
immunecell
heterogeneity

Immune
modulation;
microbiome-
based therapies

[49]

Depression and
neuropsychiatric
disorders

Altered
microbial
diversity and
serotonin-
associated
bacteria

HPAaxis
dysregulation;
chronic
inflammation

Tryptophan–
kynurenine
metabolites;
serotonin-
related
metabolites

Metabolomics
and
metagenomics
associated
dysbiosis with
mood disorders

Psychobiotics;
precision
psychiatry

[51]

Obesity

Reduced
microbial
diversity;
altered Firmi-
cutes/Bacteroidetes
balance

Chronic
low-grade
inflammation;
metabolic
endotoxemia

SCFAs; bile acid
derivatives

Multi-omics
studies linked
dysbiosis with
adipose
inflammation
and insulin
resistance

Dietary
interventions;
microbiome
modulation

[53,54]
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Table 3. Cont.

Disease
Major Gut
Microbiota
Alterations

Key Immune/
Inflammatory
Mechanisms

Important
Microbial

Metabolites

Major
Multi-Omics

Findings

Potential
Therapeutic
Implications

Key
References

Type 2 diabetes
mellitus (T2DM)

Reduced
butyrate-
producing
bacteria;
increased
opportunistic
pathogens

Inflammasome
activation;
chronic
cytokine
signaling

Reduced
SCFAs; altered
BCAAs and bile
acids

Integrated
microbiome–
metabolome
analyses
identified
metabolic
dysfunction
signatures

Precision
metabolic
medicine;
GLP-1-related
interventions

[56]

Metabolic
dysfunction-
associated steatotic
liver disease
(MASLD/MASH)

Dysbiosis-
associated
intestinal
permeability

Hepatic
inflammation;
oxidative stress;
Kupffer-cell
activation

Altered bile
acids; choline
metabolites;
SCFAs

Metabolomic
and
microbiome
studies linked
dysbiosis with
steatosis and
fibrosis

Microbiome-
directed liver
therapies

[59]

Shared
mechanisms across
disorders

Dysbiosis and
reduced
beneficial
metabolites

NF-κB
signaling;
oxidative stress;
mitochondrial
dysfunction;
metaflamma-
tion

SCFAs; LPS;
tryptophan
metabolites

Multi-omics
integration
identified
overlapping
inflammatory
and metabolic
pathways

Systems-level
and precision
therapeutic
strategies

[62,63]

6. Shared Molecular Mechanisms Linking Neurodegenerative and
Metabolic Diseases

Neurodegenerative and metabolic diseases are distinct in a medical context, although
evidence mounts that they possess similar pathophysiological underpinnings. The gut–
brain–immune nexus serves as an important integrative model to explain this convergence
of mechanisms, as disruptions in the gut ecosystem (dysbiosis) can impair metabolism
and trigger inflammation throughout the body and brain. Mechanisms that underpin
these comorbidities include sustained inflammation, the loss of intestinal barrier integrity,
modifications to microbial metabolites, mitochondria malfunction, the exacerbation of
damage from oxidants, and disruptions of insulin action.

6.1. Chronic Low-Grade Inflammation

One commonality linking obesity, T2DM, Alzheimer’s, and Parkinson’s is a degree
of chronic, low-grade inflammation. The inflammatory factors released include TNF-α,
IL-1β, and IL-6. Such cytokine signaling hinders insulin receptor-dependent pathways
in T2DM and is associated with damage to brain cells through microglial and astrocytic
activation in neurodegenerative conditions [64]. Additional mechanisms including NLRP3
inflammasome activation, microglial priming, astrocyte-mediated neuroinflammation, and
systemic immunometabolic signaling may further contribute to chronic inflammatory and
neurodegenerative processes. The concept of metaflammation has also emerged as an
important feature of obesity-associated chronic low-grade inflammation [65]. Gut dys-
biosis often increases chronic inflammation by raising intestinal permeability, allowing
for greater passage of gut microbiome metabolites like lipopolysaccharide and triggering
Toll-like receptor and NF-κB signaling. This process exacerbates both metabolic endotox-
emia and neuroinflammation, acting as a link between peripheral disease state and brain
injury [62,66]. Persistent Toll-like receptor and NF-κB activation may impair insulin signal-
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ing, increase blood–brain barrier permeability, and promote chronic neuroinflammation,
thereby contributing to both metabolic dysfunction and neurodegeneration [67].

6.2. Gut Barrier and Blood–Brain Barrier Dysfunction

The gut barrier and the BBB are major components of the immune system’s barriers,
which are disrupted by gut–brain–immune dysregulation. Healthy barrier function of the
gastrointestinal tract is key to the prevention of microorganisms and their toxins entering
the bloodstream, while a properly functioning BBB is important for the protection of the
brain from inflammatory molecules circulating in the blood and for preventing entry of
such cells/molecules into CNS tissues [68]. Gut microbial dysbiosis, a poor Western diet,
chronic stress, obesity, or inflammations are among the factors that can disrupt gut and BBB
integrity. Disruption of tight junction proteins including occludin, claudins, and zonula
occludens-1 (ZO-1), together with endothelial dysfunction and oxidative stress, may further
impair barrier integrity. Microbial endotoxins such as lipopolysaccharides can additionally
increase BBB permeability and promote neuroinflammatory injury [69]. Increased intestinal
permeability is related to amplified inflammation, while the BBB is further compromised,
allowing cytokines, lipopolysaccharides, and inflammatory cells to penetrate CNS tissues.
This process increases the reactivity of microglia and induces synaptic dysfunction and neu-
ronal damage. Barrier failure serves as a mechanism to both initially and further accelerate
chronic neuroimmune disorders involving the cooccurrence of metabolic inflammation and
neuroinflammation. However, whether BBB dysfunction represents an initiating factor in
neuroinflammatory disease or develops secondary to systemic inflammation and metabolic
dysregulation remains an area of ongoing investigation.

6.3. Microbial Metabolites as Signaling Mediators

Short-chain fatty acids such as butyrate, propionate, and acetate are probably the most
important metabolites mediating communication between the gut microbiota and the brain
and the immune system. For example, these fatty acids regulate immune tolerance and
intestinal barrier function and influence lipid metabolism, glucose metabolism, and mi-
croglial development in the brain. Reduced concentrations of these beneficial SCFAs have
also been observed in several neurodegenerative and metabolic diseases such as metabolic
dysfunction-associated steatotic liver disease and metabolic dysfunction-associated steato-
hepatitis (MASLD/MASH), and it is plausible that inflammation arises because of an
altered imbalance of microbiota and their beneficial metabolites [13]. In addition to SCFAs,
metabolites of the amino acid tryptophan such as serotonin kynurenine metabolites and in-
doles are important mediators linking microbial metabolism and brain function, while bile
acid metabolites affect a broad range of processes spanning lipid and glucose metabolism,
inflammation, and signaling within neurons. The kynurenine pathway is particularly
important, as dysregulated kynurenine metabolism may contribute to oxidative stress,
neurotoxicity, immune dysregulation, and chronic neuroinflammatory processes [70]. Ad-
ditional metabolites including branched-chain amino acids (BCAAs) and endocannabinoid-
related metabolites have also been implicated in insulin resistance, metabolic inflammation,
neuroimmune regulation, and gut–brain signaling. In contrast to the generally protective
effects of SCFAs, certain microbial metabolites such as trimethylamine N-oxide (TMAO)
and altered secondary bile acids have been associated with chronic inflammation, metabolic
dysfunction, and neurodegenerative disease progression [70]. Thus, distinct profiles of
altered gut metabolites can potentially link changes in intestinal health with consequences
in both peripheral metabolic tissues and CNS tissues [63,71].
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6.4. Mitochondrial Dysfunction and Oxidative Stress

The common traits of both metabolic and neurodegenerative diseases are mitochon-
drial dysfunction and oxidative stress. Additional mechanisms including impaired mi-
tochondrial biogenesis, defective mitophagy, endoplasmic reticulum stress, oxidative
phosphorylation dysfunction, and mitochondrial DNA damage may further contribute to
chronic inflammation, neuronal injury, and metabolic dysregulation [72]. Mitochondrial
stress leads to insulin resistance and poor energy metabolism in T2DM and obesity. Mi-
tochondrial dysfunction also promotes neuronal susceptibility to oxidative damage, and
weakens synapses.

Various factors, including SCFAs, bile acids, inflammatory cytokines, and pathways of
oxidation/antioxidants, can allow gut microbiota to impact mitochondria. For example,
dysbiosis-induced inflammation can lead to a higher level of reactive oxygen species (ROS)
in the body. Conversely, a decreased level of useful SCFAs may negatively affect how cells
control the generation of energy. As it turns out, this feedback between the gut microbiota
and the mitochondria of host cells is recognized today as a significant pathway in linking
metabolic disturbances and neurodegeneration throughout the body [73,74]. Mitochondrial
dysfunction may further amplify inflammatory signaling and oxidative stress, while altered
microbial metabolites and chronic inflammation can worsen mitochondrial injury, thereby
creating a self-perpetuating pathogenic cycle linking metabolic and neurodegenerative
disorders [75].

6.5. Insulin Resistance and Neurodegeneration

Insulin resistance is not just limited to peripheral issues. Impaired brain insulin signal-
ing is critical in supporting neuroprotection, neuronal survival, the plasticity of synapses,
and memory functions, as well as energy expenditure and appetite regulation. Impaired
brain insulin signaling has been associated with cognitive decline and Alzheimer’s-related
neurodegenerative changes. Although some studies have described AD as exhibiting
‘brain insulin resistance’-like features, this concept remains a mechanistic hypothesis rather
than a formal disease classification [76]. Altered gut microbiota also plays an insidious
role in insulin resistance, driving it via an increase in inflammation and/or endotoxemia,
altered metabolism of bile acids, and reduced levels of short-chain fatty acids (SCFAs).
Changes may promote brain inflammation, neurodegeneration, and cognitive impairment.
Impaired insulin receptor signaling pathways, particularly PI3K/Akt signaling, together
with neuronal glucose transporter dysfunction and cerebral glucose hypometabolism, may
further contribute to synaptic dysfunction and neurodegeneration. Insulin resistance has
also been associated with tau hyperphosphorylation and progressive cognitive decline.
Taken together, insulin resistance may represent one of several overlapping mechanisms
linking T2DM, obesity, and Alzheimer’s disease. Gut–brain–immune interactions may
contribute to overlapping inflammatory and metabolic features observed across metabolic
and neurodegenerative disorders [76]. This is not just through one pathway but many.
Dysbiosis has simultaneous impacts at multiple interlinked biological stages: at the im-
munological system level via inflammation and at the metabolic stage, involving altered
nutrient and energy pathways, mitochondrial activity, and function, as well as neural
transmission pathways and cognitive functions. Accordingly, studies need to use multiple
omics analyses to concurrently capture all relevant microbial, metabolic, transcriptomic,
and immunologic components.

Although multi-omics studies have identified numerous microbial, inflammatory,
and metabolic signatures associated with neurodegenerative and metabolic diseases, only
a limited number have undergone robust clinical validation for diagnostic or therapeu-
tic applications.
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7. Therapeutic and Translational Perspectives
Not only is the gut–brain–immune axis crucial for uncovering disease mechanisms,

it also presents several possible therapeutic applications. Since many of its components
are modifiable (e.g., diet, gut flora, inflammation, metabolism), modulating the gut–brain–
immune axis may represent a promising therapeutic strategy; however, many proposed
interventions remain investigational, and mechanistic as well as clinical evidence is still
evolving. However, treatments based on these discoveries are mostly still in early devel-
opment and will require extensive longitudinal clinical trials before implementation in
routine clinical precision medicine practice [66].

7.1. Probiotics, Prebiotics, and Psychobiotics

Microbiome-based therapeutics include probiotics, which are live beneficial microor-
ganisms such as Bifidobacterium and Lactobacillus, and prebiotics, which are dietary sub-
strates that support the growth and activity of beneficial gut microbes [77]. More recently,
a special class of psychobiotics has come into view, with claims ranging from improved
depression, to better cognition, a healthier stress response, and less neuroinflammation. Psy-
chobiotics are defined as probiotics or related microbial interventions that may beneficially
influence mental health through gut–brain signaling pathways. Commonly investigated
strains include Lactobacillus and Bifidobacterium species, which have been studied in relation
to anxiety, depression, stress responses, and cognitive function. While preclinical studies
have demonstrated promising neuroimmune and behavioral effects, clinical evidence in
humans remains limited and sometimes inconsistent [78]. A review paper on psychobi-
otics demonstrated that psychobiotics can interact through metabolic outputs, vagal nerve
signaling pathways, regulation of the immune system, and the hypothalamic–pituitary
axis [79]. Though many clinical trial outcomes are ambiguous or inconsistent, a positive
tendency was noted, and clinical investigations are called for with a focus on standardized
formulations, optimized dose responses, and stratification of particular patient groups.
However, the interpretation of probiotic and psychobiotic studies remains challenging
because of substantial heterogeneity in microbial strains, dosing regimens, treatment du-
ration, study populations, and clinical trial design, which may contribute to inconsistent
reproducibility across studies.

7.2. Diet and Precision Nutrition

Diet is perhaps the most potent mediator of the human microbiome’s composition
and function, influencing both diversity and metabolic potential. Studies suggest that
high-fiber diets, plant-polyphenol-rich diets, and the Mediterranean diet increase microbial
diversity and the production of salutary fermentation metabolites like butyrate. Additional
dietary strategies including ketogenic diets, intermittent fasting, caloric restriction, and
polyphenol-rich nutritional interventions have also been associated with modulation of
gut microbiota composition, metabolic signaling, oxidative stress, and neuroinflammatory
pathways [80]. Conversely, a Western-style diet—marked by an abundance of processed
foods, high saturated fat, and a lack of fiber—promotes dysbiosis and the disruption of
gut barrier integrity, leading to heightened gut permeability and metabolic inflammation.
Precision nutrition—based on individual variability in microbiome structure, metabolic
profile, genetic makeup, and daily lifestyle patterns—has rapidly emerged as a crucial
translational strategy to address the broad spectrum of dietary responses across the general
population and in individuals with obesity, T2DM, or cognitive decline, where responses
to a particular diet might differ. Strategies employing multi-omics (integrating microbiome
sequencing, metabolomics, genomics, and clinical data) are being developed to enable
precision nutrition to personalize dietary recommendations tailored to individual profiles

https://doi.org/10.3390/cells15121089

https://doi.org/10.3390/cells15121089


Cells 2026, 15, 1089 21 of 27

and predispositions [81]. However, precision nutrition approaches remain limited by
substantial inter individual variability, lack of long-term validation studies, challenges in
integrating complex multi-omics datasets, and difficulties in translating predictive models
into routine clinical practice.

7.3. Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) is utilized with the intention of restoring micro-
bial diversity within a recipient by transferring the gut microbiome from a healthy volunteer
donor. It has become the recognized standard of treatment in the event of recurrent Clostrid-
ioides difficile infection, but its therapeutic potential in chronic neurodegenerative as well
as metabolic conditions still remains under investigation. Increasingly, research indicates
that the gut bacteria and their metabolites may have the capacity to affect the brain directly,
potentially impacting neuroinflammation, changes in microbiome metabolic profiles, the
permeability of the gut barrier, and therefore the development or worsening of diseases
involving communication between the gut and the brain [82]. Despite its exciting potential,
a great deal of attention needs to be devoted to appropriate donor vetting, standardized
methods of preparation, and storage and administration of microbiota, as well as to the
long-term security concerns of FMT. The degree to which the process will be successful
will probably also be affected by donor variability in terms of microbiome composition,
the state of the recipient’s intestinal microbiome, the particular disease involved, and
the delivery route used. At present, the use of FMT in neurodegenerative or metabolic
diseases should be restricted to experimental or investigative efforts. Despite promising
findings, FMT remains associated with important safety and translational concerns, in-
cluding risks of pathogen transmission, immune-related complications, donor-selection
variability, and ethical and regulatory challenges that currently limit widespread clinical
application. Emerging next-generation microbiome therapeutics, including defined mi-
crobial consortia, engineered probiotics, postbiotics, and bacteriophage-based therapies,
are also being explored as potentially safer and more targeted alternatives to conventional
FMT [83].

7.4. Anti-Inflammatory and Metabolite-Based Strategies

Another therapeutic pathway in the gut–brain–immune nexus is the targeting of
inflammation, as inflammation plays a critical role in initiating inflammatory signaling.
Various cellular processes associated with this are targeted, including inflammasome acti-
vation, NF-κB signaling, glial inflammation (microglial inflammation), and the induction of
inflammation caused by over-secretion of certain cytokines. Alternatively, individual gut
microbiota metabolites have become candidates for novel treatments. SCFA supplementa-
tion, modifications of bile acid production, and targeted use of the tryptophan metabolic
pathway have all demonstrated some efficacy in metabolic or neuroimmune regulation [62].
A limitation of metabolite-based approaches is the context-dependent activity of microbial
metabolites. Many metabolites can be beneficial or detrimental depending on the target
tissue or stage of the disease (Figure 2). Additional emerging therapeutic strategies include
NLRP3 inflammasome inhibitors, GLP-1 receptor agonists, bile acid receptor modulators
such as FXR and TGR5 agonists, and mitochondrial-targeted antioxidants aimed at reducing
oxidative stress and neuroimmune dysfunction. Importantly, microbial metabolites may ex-
ert tissue-specific and concentration-dependent biological effects, making standardization
of systemic metabolite-based therapeutic strategies challenging in clinical settings.
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Figure 2. Multi-omics integration and therapeutic strategies targeting the gut–brain–immune axis.

7.5. AI-Driven Precision Medicine

The findings of studies might support the clinical translation of brain–gut–immune
axis findings through the combination of machine learning (ML) and the integration of
large, multi-omics data (e.g., genomics, transcriptomics, metabolomics, proteomics, imag-
ing) from different patient populations to discover meaningful signatures in diseases and
their corresponding potential responders. The use of ML techniques to associate micro-
bial functions and compositions with clinical phenotypes [47] aims at developing new
approaches to personalize microbiome interventions as a form of precision medicine. Ar-
tificial intelligence could also improve early risk stratification for neurodegenerative or
metabolic disorders, possibly prior to the occurrence of clinical symptoms. The application
of ML would open opportunities for tailoring individualized probiotics, diets, or metabo-
lites to these patients. Nonetheless, it is of great importance to ensure solid validation
of these approaches on large diverse populations, since the microbiome composition can
change with geographical place, diet, medication, age and the state of a disease. Overall,
treatments of the brain–gut–immune axis are encouraging and represent a developing
field with potential [50]. From a practical point of view, likely, short-term benefits will
emerge from personalized nutrition plans, microbiome risk assessment, or adjuvant use
of probiotics and prebiotics, whereas longer-term therapies including FMT, engineered
probiotics, and novel therapies based on microbial metabolites still need to show solid
proof in large-scale clinical trials before being applied broadly in clinical practice. However,
important challenges remain, including a lack of standardized datasets, reproducibility
concerns, model overfitting, limited external validation, and ethical and privacy issues as-
sociated with the integration of large-scale clinical and multi-omics patient data. Although
AI-based approaches show considerable promise, many current machine learning models
remain exploratory and require prospective validation in large, multi-center clinical cohorts
before routine clinical implementation [77].

Despite significant advances in gut–brain–immune axis research, important transla-
tional barriers remain. These include substantial microbiome variability across populations,
a lack of standardized multi-omics analytical pipelines, limited reproducibility between
studies, difficulties in patient stratification, and regulatory challenges associated with
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microbiome-based therapeutics and large-scale clinical data integration. Addressing these
limitations will be essential for successful clinical translation and precision medicine imple-
mentation [84].

Future personalized medicine strategies may increasingly integrate microbiome
composition, host genetic susceptibility, immune phenotyping, metabolic profiling, and
lifestyle/environmental factors to improve disease stratification and optimize targeted
therapeutic interventions.

Additional ethical and regulatory considerations related to AI-driven medicine, mi-
crobiome engineering, personalized omics profiling, and fecal microbiota transplantation
will also require careful attention, particularly regarding patient privacy, long-term safety,
informed consent, data governance, and equitable clinical implementation [81].

8. Conclusions and Future Directions
The gut–brain–immune axis is a major regulatory network, coupling intestinal bacteria

with immune system signaling, metabolism, and brain function. Accumulating evidence
from multi-omics and clinical studies suggests strong associations between gut microbial
dysbiosis and neurodegenerative (AD/PD) as well as metabolic diseases (obesity, T2DM),
although many mechanistic relationships remain incompletely understood. Rather than
treating Alzheimer’s disease, Parkinson’s disease, obesity, and T2DM as entirely distinct en-
tities, these disorders may share overlapping inflammatory, metabolic, and neuroimmune
mechanisms within the gut–brain–immune axis. Additional overlapping mechanisms
including NLRP3 inflammasome activation, impaired autophagy, mitochondrial quality-
control dysfunction, and altered insulin signaling pathways may further contribute to
both metabolic and neurodegenerative disease progression [85]. New multi-omics tech-
niques (metagenomics, transcriptomics, metabolomics, proteomics, single-cell seq, etc.) are
greatly expanding knowledge of these complex biological networks and allow for their
integration to detect disease-associated bacterial, immunological, and metabolic features,
which have great potential for diagnosis and treatment. There are now advanced AI ap-
proaches being employed to process and interpret such massive omics data and are paving
the path towards precision medicine. Challenges include variation in study outcomes
because of differences in geography, diet, genetics, medication, sequencing technology,
bioinformatics pipeline, and so on [86]. Additional limitations include small cohort sizes,
batch effects, poor reproducibility across studies, heterogeneity in bioinformatic analyses,
and the limited ability of many current studies to establish causal relationships. Most
current studies are cross-sectional, which makes it impossible to determine cause and effect.
And we do not have a complete understanding of the significance of some changes. So,
standardization of multi-omics and longitudinal follow-ups will be essential. Integrated
systems biology approaches combining microbiome, immune, metabolic, transcriptomic,
proteomic, and clinical data through standardized analytical pipelines and multimodal
longitudinal cohort studies will be critical for improving mechanistic understanding and
clinical translation. Future efforts must include the integration of gut microbiome analy-
ses with host immune and metabolic features in multi-dimensional approaches and use
diverse cohorts, single-cell technology, AI, and other techniques to expand knowledge of
the cell-specific and tissue-specific effects in this axis. Treatments might include personal-
ized probiotics, prebiotics, and metabolites and personalized microbiome manipulation in
humans. The gut–brain–immune axis is likely to be one of the quickest-evolving fields of
medical translational research. The integration of omics with basic and clinical studies may
lead to the personalized treatment of metabolic disorders and brain dysfunction together.
However, most microbiome-based and precision medicine interventions remain investiga-
tional, and large-scale longitudinal multi-center validation studies are still required before
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widespread clinical implementation. A major strength of this review is the integration
of multi-omics and AI-driven analytical perspectives across both neurodegenerative and
metabolic diseases within a unified gut–brain–immune framework [87]. Future research
should also prioritize causal mechanistic studies, validation in large and diverse human
cohorts, and well-designed interventional clinical trials evaluating microbiome-targeted
therapies and precision medicine approaches. Future studies should also consider the influ-
ence of host genetics, environmental exposures, circadian rhythm disruption, aging, diet,
and lifestyle-related factors as important modulators of gut–brain–immune interactions
and disease susceptibility.

Advancing this rapidly evolving field will require close interdisciplinary collaboration
among microbiology, neuroscience, immunology, metabolomics, computational biology,
bioinformatics, and clinical medicine to successfully translate multi-omics discoveries into
effective precision diagnostics and therapeutics.
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