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Abstract

The microbiota-gut-brain connection is an intricate intercommunication system that connects our central nervous system to the
gut. Recent research has thrown light on how important gut microbiota is for neurodevelopment, cognitive abilities, behavior,
and even the underlying mechanisms of neurological and psychiatric disorders. Upon the microbial dysbalance in our gut, a
condition known as gut dysbiosis arises, leading to various problems like Alzheimer’s and Parkinson’s diseases, autism
spectrum disorders, anxiety, and depression. Even with the progress we’ve made, research in this field still faces hurdles, such
as the variability of individual microbiomes, a lack of clear, abrupt evidence in humans, and unpredictability in research
methods. However, there’s growing interest in promising treatments like probiotics, prebiotics, dietary changes, and fecal
microbiota transplantation that could potentially influence brain function through the gut microbiome. Looking ahead, future
studies that incorporate personalized medicine, metagenomics strategies, and large-scale human trials will play important roles
in restoring the microbiota-gut-brain connection in order to cure mental and neurological health.

Keywords: Microbiota- gut- brain interaction, central nervous system, neurological disorders, psychiatric disorders, gut
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Introduction Recent research indicates that when the gut microbiota is
According to the recent scientific advancement, the gut out of balance called dysbiosis it can be linked to a variety
microbiota has influence on human health, extending far of neuro|ogica| and psychia’[ric issue. Changes in the
beyond digestion. One of the most important interactions is diversity and makeup of these microbes have been related
between the gut and brain, which connect the gastro with conditions such as autism spectrum disorder, multiple
intestinal tract with the central nervous system which sclerosis, major depressive disorder, neurodegradative
involves immune, neural and hormonal pathways that allow disease like Alzheimer and Parkinson. These discoveries
the gut microbiome to affect the brain functions. Recent have sparked a growing interest in the gut microbiota as an
studies are pointing to the idea that an imbalance in our gut upcoming target for new treatment aimed at preventing or
microbiome could lead to several neurological issues, like managing neurological disorder.

depression, anxiety, autism and even neurodegradative

disease such as Parkinson and Alzheimer. By delve into The Gut-Brain Interaction: A Cross Communication
how gut bacteria communicate with brain, we might Pathway

uncover new paths for treatment that could enhance our The interaction between gut and brain axis exhibits a
mental and neurological wellness 1. fascinating relation. The gut microbiota are essential players
The human gut is a bustle centre filled with trillion of in this relationship, as they produce neuroactive compounds,
microorganism that create vibrant and even changing bioactive compounds like neurotransmitters (think serotonin

and GABA) and short-chain fatty acids help regulate
inflammation, and can even influence our brain function and
behaviour. When this communication gets disturbed, it can
result into a range of neurological and psychiatric issues,

community known as the gut microbiota. These tiny
creatures do the more than just help us digest food and
absorb nutrients: they also play crucial role in regulating our

immune system and gaining attentions for their impact on which underscores just how vital it is to keep our gut health
Brain health and how our brain function. in check for our overall mental well-being . The vagus
This fascinating connection allows gut microbes to affect nerve acts as a major communication highway, sending
the activity and functions of brain, while our brain can also sensory information from the gut straight to the central
influence how our gut works and the types of microbes that nervous system. This connection allows our brain to react to

changes happening in the gut 1 At the same time, the
includes the Vagus nerve, microbial byproduct like short- immune system p!ays its part through cy_tokmes and oth_er
inflammatory  signals that can influence brain

chain  fatty  acid  neurotransmitters  (SCFAs), communication, particularly during times of stress or illness
neurotransmitters and various inflammatory signal 21, B3l

thrive there. Importance player in this communication
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The composition and roles of the gut microbiome

The gut microbiome facilitates the breakdown of complex
carbohydrates, which produces short-chain fatty acids
(SCFAs) such as butyrate, propionate, and acetate . These
SCFAs not only provide energy for the cells in our colon but
also have anti-inflammatory effects . Moreover, the
microbiome contributes to the synthesis of essential
vitamins, such as vitamin K and B vitamins, modulating our
immune system, and defending against harmful
microorganisms by outcompeting them and producing
antimicrobial substances. Some ileal bacteria can produce
menaquinones (vitamin K:), which are essential for bodily
processes like bone metabolism and blood coagulation. The
host's nutritional needs can be supplemented and overall
metabolic health supported by commensal microbes' ability
to biosynthesize different B-complex vitamins, such as
cobalamin (B12), riboflavin (B:), pyridoxine (Bs), and folate
(Bo) 1,

Mechanisms of microbiota-CNS interaction

The relationship between the central nervous system and the
gut microbiome is a complex and intriguing network of
communication routes that is sometimes referred to as the
gut-brain interaction. This system enables the gut bacteria to
influence behavior and brain function, and vice versa. Here
are some key mechanisms that facilitate this interaction:

a. Neural Pathways (Vagus Nerve)

The brain is directly connected to the gut through the vagus
nerve. It carries signals from the enteric nervous system
(ENS) to important brain areas like the hypothalamus and
brainstem. Certain gut microbes can activate vagal afferents,
which in turn can change neurotransmitter release and stress
responses. For instance, Lactobacillus rhamnoses has been
found to affect GABA receptor expression through vagal
activation, which can influence anxiety-related behaviors ™.

b. Immune Modulation

The bacteria in the gut have a major impact on the host
immunity, growth and regulation 1. Through microbial-
associated molecular patterns (MAMPs), microbes stimulate
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Toll-like receptors (TLRs) and other immune receptors on
intestinal immune cells.

MAMPs attach to TLRs on the outermost layer of immune
cells (things like dendritic cells and macrophages) or
intestinal epithelium, activating transcription factors like
NF-kB and starting intracellular signaling cascades. As a
result, cytokines and antimicrobial peptides are produced,
which aid in immune response regulation, mucosal
homeostasis maintenance, and pathogen invasion prevention
L]

Activated immune cells emit cytokines that can enter the
circulation and impact the neuroinflammatory systems in the
brain and nervous system [°l. Short-chain fatty acids (SCFAS)
generated by the microbiome also influence peripheral
immune responses and the blood-brain barrier's integrity [,
This immune-to-brain communication affects synaptic
pruning and neuronal growth in addition to activating
microglia M,

c. Metabolite Production (e.g., SCFAs, Tryptophan
Derivatives)

Gut microbes break down dietary fibers into short-chain
fatty acids (SCFAs)—mainly acetate, propionate, and
butyrate. [*2 These metabolites can cross the BBB and
provide anti-inflammatory and neuroprotective benefits.
Moreover, the microbial metabolism of tryptophan plays a
role in serotonin production, a key neurotransmitter that
helps regulate mood.

d. Endocrine Signaling

The release of gut hormones that control mood, appetite,
and metabolism is influenced by the gut bacteria 4. Gut
endocrine cells in the gut lining produce hormones
including ghrelin, PYY, and GLP-1 in response to
metabolites from microbes. 81 Short-chain fatty acids
(SCFAs), which are produced when bacteria digest food
fibers, activate these hormone-secreting cells 4,
Additionally, tryptophan metabolism is impacted by gut
microbes, and this in turn influences the production of
serotonin, a neurotransmitter crucial for mood regulation. 1%
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e. Blood-Brain Barrier (BBB) Integrity

The blood-brain barrier (BBB), a selective, impermeable
barrier, protects the brain from harmful substances in the
blood 6. Gut bacteria play a part in the creation and
maintenance of the BBB, especially in the beginning phases
of life 0%, Short-chain fatty acids (SCFASs), especially
butyrate, are produced by gut bacteria and help to reduce
inflammation and strengthen the barrier between brain and
the bloodstream 241,

Microbiota and Neurodevelopment

Neurodevelopment is significantly influenced by the gut
microbiota, especially in the early years of life when the
central nervous system (CNS) is developing quickly. The
microbial ecology in our gut has a major influence on brain
form and function through immunological, neurological,
and metabolic pathways, but brain development may also
influence how our gastrointestinal system functions.

1. Early-Life Microbial Colonization: The host's
immunological and  neurological systems are
significantly shaped by the gut microbiota's early
colonization, which starts at birth. Gut microbes affect
brain development at this early stage by controlling the
maturation of microglia, cells of immunity that live in
the brain 7. Early in life, short-chain fatty acids
(SCFAs) and other metabolism products produced from
the microbiota have a role in promoting neurogenesis
and controlling the blood—brain barrier 8. An
increased risk of neurodevelopmental Issues has been
linked to antibiotic-induced changes in early microbial
colonization, C-section deliveries, or formula feeding.

2. Metabolic and Neurotransmitter Regulation: Busy
little workers, gut microorganisms produce a range of
metabolites, including short-chain fatty acids (SCFASs),
tryptophan derivatives, and neurotransmitters like
GABA, serotonin, and dopamine. By affecting neuronal
signalling, stimulating microglia, and preserving the
blood-brain barrier's authenticity, these bioactive
substances have a significant impact on brain
development.

3. Immune-Neural Crosstalk: Our immune system is
trained and regulated in large part by the gut bacteria.
Dysbiosis, or a lack of balance in these microorganisms
throughout development, can result in chronic
inflammation, which has been connected to conditions
including ADHD, schizophrenia, and autism spectrum
disorder (ASD) . An activated immune response can
disrupt normal microglial function, throwing a wrench
in typical brain development (41,

4. HPA Axis and Stress Regulation: The microbiota also
plays a role in influencing the hypothalamic-pituitary-
adrenal (HPA) axis, which is key for stress regulation.
Research on mice with no germs has revealed that their
stress-related HPA axis reactions are heightened, but
these reactions return to normal when particular
bacterial strains invade the animals. This suggests that
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our gut microbiota is essential for developing healthy
stress responses.

5. Behavioural and Cognitive Outcomes - Studies have
revealed that shifts in gut flora during early
development can impact social behaviour, anxiety
levels, learning abilities, and memory. These findings
suggest that the makeup of our bacteria have a role in
shaping behaviour through various molecular and
cellular mechanisms.

Gut Dysbiosis and Neurological Disorders

It all comes down to an unbalance or alteration in the
composition and function of the microbes in the gut in gut
dysbiosis. An increasing number of neurological and
neuropsychiatric illnesses have been related to this disturbed
condition of our gut bacteria. (M It highlights the
importance of a healthy gut microbiota for maintaining the
health of our brains.

1. Dysbiosis connects to Neurological issues

Gut dysbiosis is characterized by a variation in the
composition and activity of the gut microbiome, and it is
frequently brought on by infections, antibiotics, or food 20,
This imbalance may cause increased intestinal permeability
(often referred to as "leaky gut™), which might allow pro-
inflammatory chemicals and metabolites from bacteria to
enter the circulation 24, The immune cells in the nervous
system activate microglia., these circulating substances have
the ability to enter the brain and cause neuroinflammation.
Neurological disorders that have been connected to immune
dysregulation and neuroinflammation include, Parkinson's
disease, Alzheimer's, and multiple sclerosis disease. 22
Changes in the production of neurotransmitters like
serotonin and GABA, which have an impact on mood,
behavior, and cognitive functions, are also linked to
dysbiosis.

2. Neurological Conditions Tied to Gut Dysbiosis

= Autism Spectrum Disorder (ASD): Many children
with ASD show gastrointestinal issues and changes in
their gut microbiota, such as increased levels of
Clostridium  species and decreased levels of
Bifidobacterium. Changing the microbiome using
microbes from stool transplants or probiotics has shown
promise in helping improve behavioral symptoms.

= Parkinson’s Disease (PD): Approximately 6.2 million
individuals globally are afflicted with Parkinson's
disease, a prevalent motor disorder that mainly affects
those in their middle or late years. Alpha-synuclein
inclusion  accumulation  within  neurons  and
dopaminergic neuron loss or degeneration are its
defining characteristics [#2,

» Alzheimer’s Disease (AD): Research suggests that a
disturbance in gut flora can lead to higher levels of pro-
inflammatory cytokines and the buildup of amyloid-
beta. Tweaking the gut microbiota might hold promise
as a way to slow down cognitive decline. Depression



International Journal of Biotechnology and Microbiology

and Anxiety: A wealth of studies have shown a link
between the diversity of gut microbes and mental well-
being

Microbiota in Neurodegenerative Diseases

According to recent studies, the microbiome of the gut plays

a critical role in the emergence of neurodegenerative

diseases such Alzheimer's disease, multiple sclerosis,

Parkinson's disease, and amyotrophic lateral sclerosis.

Through the gut-brain interaction, the microbiome affects

neural function via immune, metabolic, and neuroendocrine

pathways.

1. Alzheimer’s Disease (AD)

Gut dysbiosis may contribute to AD through:

= Increased intestinal permeability, allowing endotoxins
(like lipopolysaccharides) to cross into circulation and
reach the brain.

=  Promotion of microglial activation, resulting in chronic
neuroinflammation.

= Modified synthesis of short-chain fatty acids (SCFAS),
which regulate inflammation and brain health.*®

2. Parkinson’s Disease (PD): Parkinson’s Disease is
marked by the buildup of a-synuclein and the loss of
dopamine-producing neurons. Recent studies indicate
that:

=  Misfolded a-synuclein might start in the gut and make
its way to the brain through the vagus nerve.

= Patients with PD frequently exhibit a rise in pro-
inflammatory bacteria while having reduced production
of short-chain fatty acids (SCFAs) by bacteria.

= Interestingly, gastrointestinal issues, like constipation,
often show up years before any motor symptoms,
hinting at an early connection to gut health.

3. Amyotrophic Lateral Sclerosis (ALS): The loss of
motor neurons in the brain and spinal cord is a hallmark
of amyotrophic lateral sclerosis (ALS), an ongoing
neurodegenerative illness 4. According to recent
research, gut microbiota may affect the course of ALS
by  modifying immunological responses and
neuroinflammation 21,

4. Multiple Sclerosis (MS): MS is an autoimmune illness
that damages the protective coating of neurons,
affecting the central nervous system. Interestingly, the
gut microbiome may contribute to multiple sclerosis by:

= Balancing Thl7, Treg cells, which are crucial for
managing autoimmune responses.

= Changing gut permeability, allowing inflammatory
substances to move more freely.

= Influencing myelin repair and neuroinflammation
through the action of microbial metabolites.

Microbiota and Psychiatric Disorder

The gut microbiota communicates bidirectionally with the
brain via multiple pathways, including:

1. Metabolites produced by microbes, such as short-chain
fatty acids

Vagus nerve signaling

Hormonal signaling

4. Immunological signalling

wmn
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The gut microbiota and the central nervous system can
interact reciprocally thanks to this intricate network, which
is called the microbiome-gut-brain axis [26. 271,

Recent research has found changes in the gut microbiome, a
condition known as dysbiosis, are linked to various
psychiatric disorders, such as anxiety, bipolar disorder,
schizophrenia, and depression.

Major Depressive Disorder (MDD) or Clinical

depression): Clinical depression is a top cause of disability

worldwide. It manifests through various physical and

emotional symptoms, including:

= Physical Symptoms: Tiredness or fatigue, Weight loss
or gain, Appetite changes

= Core Features Anhedonia: Inability to feel pleasure in
activities once enjoyed, Lack of drive or motivation,
Sleep disturbances (insomnia or hypersomnia).

= Cognitive and Emotional Symptoms:

Cognitive challenges: difficulty concentrating, making
decisions

Emotional symptoms: feelings of guilt, worthlessness, or
excessive self-blame MDD significantly impacts daily
functioning and quality of life. Treatment frequently
consists of a mix of counselling, lifestyle changes, and
medication [?8],

Using probiotics and prebiotics, often called psychobiotics,
has demonstrated promise in reducing symptoms of
depression in both human trials and animal research.

Anxiety Disorders - anxiety disorders pose a significant

global health challenge, 291 deriving from a complicated

interaction of variables, including:

= Genetic susceptibility: genetic factors contributing to
susceptibility.

= Neurobiological aspects:
chemistry and function.

= Socio-psychological elements: Environmental
stressors, life experiences, and coping mechanisms. (241

These disorders manifest in various forms, such as

generalized anxiety, panic disorders, and phobias, impacting

daily life and well-being. Treatment often involves therapy,

medication, and lifestyle adjustments.

Imbalances in brain

Schizophrenia:  Schizophrenia is seen as a
neurodevelopmental condition that is influenced by both
environmental and genetic factors. A serious mental illness
with an unclear cause is schizophrenia. A combination of
genetic and environmental variables that contribute to the

development of this condition are currently being discussed
[20],

Bipolar Disorder (BD)- The complicated, severe, episodic,
and frequently progressive mood disorders known as bipolar
disorders (BD) are among the world's major causes of
disability. This cyclical illness is distinguished by mood
fluctuations that mix manic (bipolar mania), depressing
phases (bipolar depression) and hypomanic 22,

Based on clinical characteristics, bipolar disorder can be
divided into two main categories: Patients with bipolar
disorder type 1 typically have at least one manic episode
and at least one depressive episode; those with bipolar
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disorder type 2 typically experience at least one hypomanic
episode and one depressive episode but possess no record of
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manic episodes 331,

Review of Litrature

Year | Author name Work done
2025 Fran Kritz The gut-brain interaction plays a part in autism spectrum disorders (Autistic Disorder), as evidenced by a study
that indicated autistic children have changed gut flora and decreased kynurenate levels, which correlate with
abnormalities in brain activity associated to emotion and sensation.
2024 | Walmsley et. al This work study shows that significance of the microbiome in the evolution of Alzheimer's disease by

demonstrating that housing conditions affect how the gut microbiome is composed. Alzheimer's mice housed
under standard conditions showed worsening microbiota profiles and cognitive deterioration in comparison to
those in pathogen-free surroundings

2023

Majumdar et. al

Examine how the short-chain fatty acids (SCFASs) in the gut microbes control the microbiota—gut—brain
interaction, particularly in viral infections and neurodegenerative conditions like Parkinson's and Alzheimer's.

2023

Yang et. al

The present research shows how the gut-brain axis plays interconnected roles and circadian control by showing
that acute sleep deprivation in mice causes dysbiosis of the gut microbiota and disturbs circadian rhythms, which
waorsens systemic inflammation and psychiatric illnesses.

2023

Hemi et. al

According to this study, deoxycholic acid (DCA), a bile acid generated from the gut microbiota, increases the
production of amyloid-beta and suggests a potential gut-brain molecular connection in the onset of Alzheimer's
disease by binding to the Nicastrin subunit of y-secretase.

2023

Karla Walsh

The research, which was published in Nature Communications, found that distinct alterations in the gut
microbes are associated with early Parkinson's illness and REM sleep behavior syndrome-more dangerous
bacteria and less good bacteria—which may operate as early biomarkers up to 20 years before symptoms appear.

2023

Karla Walsh

According to a study, individuals with REM sleep behavior disorder and early Parkinson's disease have distinct
gut microbiome patterns, characterized by less helpful and more harmful bacteria. This suggests that these
microbial changes might operate as early markers, long before typical Parkinson's symptoms manifest.

2022
[39]

Dominique
Thompson et. al

This study suggests possible therapeutic targets by identifying gut microbiome patterns associated with treatment
resistance for anxiety and depression in psychiatric inpatients.

2022 &
38]

Malinowska et. al

In this study, people who follow Western vs healthy dietary patterns have their gut microbiota composition and
expected functional characteristics compared, showing that a nutritious diet encourages higher microbial
diversity and beneficial metabolic functions, while a Western diet is linked to imbalanced microbiota profiles.

2021 | O'Connoret. al | This study highlighted possible hazards of antibiotic exposure during pregnancy by demonstrating that maternal
[40] antibiotic usage during a critical developmental window in mice results in long-lasting behavioral abnormalities
in offspring, including decreased anxiety, sociability, and cognition.
2021 Chen et. al Reported the how the gut microbiota affects mental illnesses and discovers recurring microbial imbalances, like
decreased Faecali bacterium and Roseburia, that could be a factor in the pathophysiology of these problems
2019 Q Maet. al This paper highlights emerging therapies that target the microbiome— using the gut-brain interaction to treat

Parkinson's disease and ALS, emphasizing the potential of microbiome modulation to influence
neurodegeneration and treatment outcomes.

Treatment Strategies Aimed at the Gut Microbiome

The growing awareness of gut-brain connection and its
impact on neurological and psychiatric conditions has
sparked a surge of interest in methods of therapy that focus
on the gut microbiome. These strategies focus on
reestablishing a healthy microbial balance, minimizing
inflammation, and enhancing the neurochemical
communication that plays a crucial role in how our brains
function.

1. Probiotics
Probiotics are living bacteria that help the host's health
when given in sufficient quantities. Some strains of
probiotics, often termed psychobiotics, have demonstrated
possibilities in:

= Dropping anxiety and depressive symptoms by
modulating neurotransmitters like serotonin and
GABA.

= Enhancing cognitive  function and  reducing

neuroinflammation in Parkinson's and Alzheimer's

disease models.

2. Prebiotics
Prebiotics are a particular kind of dietary fiber or substance
that promotes the growth of beneficial gut microbiome, such
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as Lactobacillus and Bifidobacterium. They’re linked to

some pretty cool benefits, such as:

= Lower cortisol levels and less stress response.

= Better attention and emotional control, particularly in
kids and teens.

Prebiotics include things like galacto-oligosaccharides

(GOS), fructo-oligosaccharides (FOS), and insulin.

3. Diet- Based Interventions-

The overall composition of our gut flora is greatly
influenced by our diet. When we eat a diet that's packed
with fiber, polyphenols, and fermented foods, we tend to
support a diverse range of microbes. On the flip side,
Western-style diets that are heavy sugar and fat can cause
dysbiosis, an imbalance in the bacteria that live in our
stomachs. It's interesting to note that some diets, such as the
Mediterranean diet, have been linked to several very striking
advantages, like:

= Lower risk of cognitive decline.

= Better mood and less inflammation.

4. Fecal microbiome transplantation

Fecal microbiome transplantation, or FMT, involves giving
feces from a healthy donor to a recipient in order to restore
the balance of their gut flora. While it’s mainly known for
treating Clostridioides difficile infections, researchers are
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increasingly exploring its potential for neurological and
psychiatric conditions. Some studies indicate that FMT
might: Enhance behavioural symptoms in individuals with
autism. Alleviate motor symptoms in those with Parkinson’s
disease.

5. Antibiotics and microbiota targeted- drugs

While antibiotics aren't the best choice for long-term use
because of the potential for resistance and the impact on our
microbiota, researchers are exploring their use for a short-
term reset of the microbiome. Exciting new methods are
emerging, including targeted antimicrobial peptides and
small molecules that aim to adjust microbial communities
without the sweeping effects of traditional antibiotics.

Future Directions and Perspectives

1. Personalized Microbiome-Based Therapies

As precision medicine continues to evolve, we might see
future treatments customized to fit individual microbiome
profiles, genetics, lifestyles, and health conditions. Think
personalized probiotics, tailored diet plans, and specific
microbial combinations that could boost treatment
effectiveness and minimize negative side effects.

2. Multi-Omics and Systems Biology Approaches
Upcoming research is set to combine metagenomics,
metabolomics, transcriptomics, and proteomics to get a
deeper understanding of the molecular interactions that
occur between bacteria and their hosts. These methods could
uncover new microbial metabolites, signaling pathways, and
biomarkers that are linked to brain health and various
diseases.

3. Improved Clinical Trials and Human Cohort

Studies

There’s an increasing demand for extensive, long-term
clinical studies to confirm what we learn from animal
research. Future trials should consider various factors (like
diet and medication) and include assessments of
psychological, cognitive, and microbiome health to create a
stronger link between mental wellness and intestinal health.

4. Novel Therapeutic Modalities

We’re exploring some exciting new methods, such as:

= Engineered probiotics that can produce compounds that
affect the brain

= Supplements derived from microbial metabolites

= Targeted fecal microbiota transplantation (FMT)

=  Posthiotics, which are non-living bacterial products

These innovative strategies are being investigated for their

potential to treat conditions like, anxiety, depression,

neurodegenerative diseases, and autism spectrum disorders.

5. Brain - targeting Microbiota modulation

Emerging  technologies like  nanotechnology and
bioengineered delivery systems have the potential to
precisely target and affect the central nervous system (CNS)
locally via altering the gut flora. High precision is ensured
with this method, which also minimizes any disturbance to
the rest of the body.

Conclusion
A major change in our comprehension of the complex
interrelationship between our brains and the gastrointestinal
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tract may be seen in the microbiome—gut-brain interaction.
Accumulating evidence demonstrates that gut brain's
microbiome is crucial development, neuroinflammation,
behavior, and neurodegenerative and psychiatric disorders
through a complex network of immune, neural, endocrine,
and metabolic pathways.

Advancements in metagenomics, neuroimaging, and
molecular biology have enabled researchers to uncover key
mechanisms  underlying  gut-brain ~ communication.
However, significant challenges—such as inter-individual
microbiota variability, lack of standardization, and limited
causal evidence in human studies—still constrain the field’s
progress.

Despite these limitations, promising therapeutic strategies—
including prebiotics, dietary interventions, probiotics, and
fecal microbiota transplantation—are paving the way for
innovative, microbiota-based treatments for mental and
neurological disorders. The future of gut-brain interaction
research lies in personalized, integrative approaches using
multi-omics technologies and well-designed human clinical
trials. Ultimately, a deeper mechanistic understanding and
translational application of microbiota—gut—brain
interactions hold immense potential for improving mental
and neurological health across the lifespan.
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