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Preface

Over the past few decades, science has gradually revealed 
that the human body is far more interconnected than we once 
believed. Among the most fascinating discoveries is the dialogue 
between the gut and the brain—two organs that, at first glance, 
seem worlds apart, yet in reality are in constant communication. 
This dynamic relationship, mediated by the trillions of microbes 
residing in our intestines, has opened a new frontier in 
understanding mental health and overall well-being. 
The Gut-Brain Connection: How Your Microbiome Affects Mental 
Health is an exploration of this emerging field, bridging the latest 
scientific research with practical insights. It is not only a book 
about biology or medicine, but also about the way we view 
ourselves as whole human beings. Our moods, resilience, and 
even our cognitive performance are deeply intertwined with the 
microorganisms that share our bodies. 
This book is written with a diverse audience in mind: the curious 
reader eager to understand their own health better, the clinician 
looking for fresh perspectives in patient care, and the student or 
researcher seeking clarity in a rapidly evolving discipline. Each 
chapter is designed to be accessible yet evidence-based, weaving 
together scientific findings, clinical observations, and real-world 
applications. 
We live in an era where mental health challenges are on the rise, 
and where conventional approaches often leave gaps in care. By 
shining a light on the gut microbiome and its profound influence 
on the brain, I hope to encourage a more holistic approach to 
mental well-being—one that recognizes diet, lifestyle, and 
microbial health as central to our emotional and psychological 
balance. 
This book is not intended to replace medical advice, but to 
empower readers with knowledge. Ultimately, the goal is to 
inspire curiosity, self-awareness, and informed choices that 
support both gut and brain health. 
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Foreword

I have witnessed first-hand how mental health is too often 
approached in fragments—psychology separated from biology, 
mind isolated from body. For decades, treatments for anxiety, 
depression, and other psychiatric conditions have largely focused 
on the brain in isolation. Yet, the growing body of research on 
the gut-brain axis compels us to widen our perspective. 
The discovery that the trillions of microbes residing in our 
intestines communicate bidirectionally with the brain is 
nothing short of revolutionary. These microorganisms influence 
neurotransmitters, immune signaling, stress responses, and even 
behavior. In clinical terms, this means that mood and cognition 
are not determined by the brain alone, but also by the health 
of the gut. This knowledge offers an expanded framework for 
prevention, treatment, and recovery. 
The Gut-Brain Connection: How Your Microbiome Affects Mental 
Health could not be more timely. Mental health challenges are 
rising globally, and while traditional therapies remain vital, they 
are often insufficient. By carefully unpacking the science of the 
gut microbiome and its profound relationship with the brain, 
this book offers a new layer of understanding—one that may 
reshape the way we diagnose and care for patients. 
What I admire most about this work is its balance: rigorous 
enough to be respected by professionals, yet accessible enough 
for the general reader. It does not sensationalize, nor does it 
oversimplify. Instead, it translates complex biology into practical 
insights—whether about diet, lifestyle, or daily habits—that can 
empower individuals to take charge of their well-being. 
This book is not just about microbes. It is about redefining mental 
health as an interconnected system, where body and mind work 
in harmony. It is about hope—the hope that by nurturing our 
gut, we may also nurture resilience, clarity, and emotional 
balance. I commend the author for bringing this important 
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subject to a wider audience. For clinicians, it is a reminder to 
think holistically. For patients, it is an invitation to healing. 
And for all of us, it is a testament to the extraordinary dialogue 
happening within our bodies every moment of our lives. 
Dr. Rajesh Ranjan 
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Chapter 1: 

Introduction to the Gut-Brain Axis 

Dr. Prerna Kukreti
Professor Dept. of Psychiatry, Lady Hardinge Medical College

The human microbiome encompasses the wide variety 
of microorganisms—such as bacteria, viruses, fungi, and 
protozoa—that live in different parts of the human body, with 
the gastrointestinal tract being a primary site. Microbial cells are 
believed to outnumber human cells by approximately 1.3 to 1, 
and the combined genetic material of these microbes, called the 
microbiome, holds over 100 times more genes than the human 
genome. [1] 
These microorganisms are far more than passive residents 
within the human body—they play dynamic and essential roles 
in maintaining overall health and physiological balance. In the 
gastrointestinal tract, they assist in the digestion and absorption 
of nutrients that the human body alone cannot efficiently process, 
such as dietary fibers and certain complex carbohydrates. By 
producing essential vitamins like B12, K, and folate, and by 
synthesizing short-chain fatty acids (SCFAs), these microbes 
support metabolic and gut health. Additionally, they have a 
profound impact on the immune system, helping to train immune 
cells to distinguish between harmless substances and potential 
threats, thereby reducing the risk of allergies, autoimmune 
diseases, and chronic inflammation. Beyond physical health, 
the gut microbiota also communicates with the brain through 
neural, immune, and endocrine pathways—collectively known 
as the gut-brain axis. Through this connection, they influence 
mood, stress response, cognitive function, and even the risk 
of developing mental health disorders such as anxiety and 
depression[2,3]In particular, the gut microbiome has gained 
recognition as a crucial factor in both health and disease, 
impacting bodily functions at both local and systemic levels 
through its metabolic functions and interactions with the host. 
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1.1 The Development of the Microbiome 
Microbiome colonization starts at birth and is significantly 
shaped by various factors, including the method of delivery
(vaginal versus cesarean), whether the infant is breastfed, 
exposure to antibiotics, and interactions with the surrounding 
environment.[4,5]Infants born through vaginal delivery typically 
acquire microbes similar to their mother’s vaginal flora, such 
as Lactobacillus, while those delivered via cesarean section are 
mainly colonized by skin-related bacteria like Staphylococcus and 
Corynebacterium. [6] 
By around three years of age, the gut microbiota develops 
into a composition similar to that of adults. Nevertheless, it 
continues to be adaptable and can be influenced by factors such 
as diet, stress, medications, infections, and other environmental 
influences throughout a person’s life. [7] 
1.2 Composition and Diversity of the Gut Microbiota 
The adult human gut contains trillions of microorganisms, 
mainly belonging to the Firmicutes and Bacteroidetes phyla, 
with smaller amounts from Actinobacteria, Proteobacteria, 
and Verrucomicrobia[8]Microbial diversity—referring to both 
the variety of microbial species (richness) and their relative 
proportions (evenness)—is a fundamental hallmark of a balanced 
and resilient gut microbiome. A diverse microbial ecosystem 
is better equipped to perform a wide range of physiological 
functions, including digestion, nutrient metabolism, immune 
regulation, and protection against pathogens. High microbial 
diversity promotes functional redundancy, meaning that if one 
microbial species is lost or disrupted, others can compensate, 
helping maintain overall stability and health. 
Conversely, low microbial diversity, often referred to as 
dysbiosis, has been consistently linked to a range of chronic 
health conditions. For example, individuals with obesity often 
show reduced microbial richness and a shift toward bacteria that 
promote energy harvest and fat storage. In inflammatory bowel 
disease (IBD), there is a marked loss of anti-inflammatory 
bacterial species, contributing to chronic gut inflammation. 
Likewise, in mental health disorders such as depression and 
anxiety, reduced microbial diversity is thought to impair the 
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gut-brain axis, leading to altered neurotransmitter production, 
heightened inflammation, and increased vulnerability to stress. 
Maintaining or restoring microbial diversity—through diet, 
probiotics, prebiotics, and lifestyle changes—is increasingly 
recognized as a potential strategy for preventing and managing 
both physical and mental health disorders. 
Microbial diversity, which reflects both the number of different 
species and their relative abundance, is widely regarded as 
a key indicator of a healthy microbiome. A decrease in this 
diversity has been associated with conditions such as obesity, 
inflammatory bowel disease (IBD), depression, and anxiety. 
[9,10]Specific microbial species like Faecalibacteriumprausnitzii, 
Akkermansiamuciniphila, and Bifidobacterium longum are 
recognized for their anti-inflammatory effects and their role in 
supporting the integrity of the gut barrier. (11) 
1.3 Functions of the Gut Microbiome 
The gut microbiota plays several essential physiological roles:

• Digestion and Metabolism: Microbes ferment non-
digestiblecarbohydrates into short-chain fatty acids (SCFAs) 
like butyrate, acetate, and propionate, which serve as energy 
sources and modulators of inflammation[12].
• Vitamin Production: They synthesize essential vitamins 
such as vitamin K and B- complex vitamins (B12, folate, 
biotin)[13].
• Immune Regulation: The microbio me shapes the 
development  of the host’s immune system, training it to 
distinguish friend from  foe. Dysregulation can lead to 
autoimmunity and chronic inflammation[14].
• Barrier Function: Microbial metabolites reinforce the 
gut epithelial barrier, preventing “leaky gut” and systemic   
endotoxemia[15].
• Neuromodulation: Through microbial-derived neuroactive 
compounds (e.g., GABA, serotonin, dopamine), the 
microbiome directly influences brain function and behavior 
[16]
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1.4  Dysbiosis and Disease 
Dysbiosis refers to an imbalance in the composition or function of 
the gut microbiota. It may involve reduced diversity, overgrowth 
of  pathogenic species, or loss of beneficial microbes. Dysbiosis 
has  been implicated in numerous conditions, including:

• Irritable bowel syndrome (IBS) 
• Inflammatory bowel disease (IBD)
• Obesity and metabolic syndrome
• Autism spectrum disorder (ASD)
• Depression and anxiety[17–21]
• Notably, gut dysbiosis can trigger systemic inflammation 
by allowing bacterial lipopolysaccharides (LPS) to enter 
the bloodstream and by disrupting the production of short-
chain fatty acids (SCFAs). These changes can influence the 
centralnervous system (CNS) through the gut-brain axis.[22]

1.5 Restoration and Modulation of the Microbiome: 
Efforts to restore a healthy microbiome include

• Dietary Interventions: High-fiber, plant-based diets foster 
diversity and SCFA production[23].
• Probiotics and Prebiotics: Specific strains (e.g., Lactobacillus 
rhamnosus, Bifidobacterium infantis) have shown benefit in 
reducing anxiety and depressive symptoms[24].
• Fecal Microbiota Transplantation (FMT): Effective in 
treating
Clostridioides difficile infections and under investigation for 
psychiatric disorders[25]. 

The promise of microbiome therapeutics — or “psychobiotics” 
— is rapidly gaining traction as a future frontier in treating 
mental and neurological disorders.
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Chapter 2 

Enteric Nervous System – The Second Brain

Dr. Rajat Singh PhD
Ritu 

MPH Student, NIHFW

The enteric nervous system (ENS), commonly referred to as the 
“second brain,” is an extensive network of neurons located in the 
walls of the gastrointestinal tract. Containing roughly 200 to 600 
million neurons—surpassing the number in the spinal cord—
it functions largely independently.[1]The ENS regulates key 
processes such as gut motility, secretion, and blood circulation, 
and it also serves as a vital communication link between the gut 
and brain, forming an essential part of the gut-brain axis. 
2.1 Anatomy and Structure of the ENS 

The ENS is organized into two primary plexuses:
The Myenteric Plexus (Auerbach’s Plexus): Situated between 
the longitudinal and circular layers of the muscularis externa, 
this plexus primarily regulates gut motility. 

• The Submucosal Plexus (Meissner’s Plexus): Located in 
the submucosa, this plexus modulates blood flow, secretion, 
and absorption[2]. 

These networks house sensory neurons, interneurons, and motor 
neurons, all of which interact with glial cells, enteroendocrine 
cells, and the immune system to coordinate digestive functions 
independently of central control. 
2.2 Autonomy and Integration with the CNS 
While the enteric nervous system (ENS) is capable of operating 
on its own, it engages in continuous two-way communication 
with the central nervous system (CNS) through several key 
pathways:
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•	 The Vagus Nerve: The main route for transmitting both 
sensory (afferent) and motor (efferent) signals. 

• Sympathetic and Parasympathetic Fibers: These regulate 
gut functions such as tone, movement, and immune activity. 
Interestingly, about 80–90% of the vagus nerve fibers are 
afferent, meaning that most of the signaling travels from the 
gut to the brain rather than the other way around.[3] 

2.3 Neurotransmitters of the ENS 
The ENS utilizes more than 30 neurotransmitters — many of 
which are also found in the CNS — including:

•	Serotonin (5-HT): Approximately 90–95% of the body’s 
serotonin is synthesized in the gut by enterochromaffin cells. It 
regulates motility, secretion, and perception of visceral pain[4]. 
•	Dopamine: Involved in modulating gastrointestinal motility 
and immune activity. 
•	Gamma-Aminobutyric Acid (GABA), Acetylcholine, and 
Substance P: Play roles in gut reflexes and smooth muscle 
activity[5]. 

The presence of these neurochemicals reinforces the concept of 
the gut as a neuroactive organ with extensive regulatory capacity. 
2.4 Enteric Glia – The Supporting Cells of the Enteric Nervous 
System 
Similar to astrocytes in the brain, enteric glial cells provide 
essential support to neurons within the enteric nervous system 
(ENS). They help maintain the integrity of the gut barrier, 
influence inflammatory responses, and communicate with both 
neurons and immune cells. [6] Growing research indicates that 
enteric glia may play a role in gastrointestinal conditions such as 
irritable bowel syndrome (IBS) and inflammatory bowel disease 
(IBD).[7]
2.5 Gut Sensation and Visceral Perception 
Sensory neurons in the ENS detect mechanical (stretch), chemical 
(pH, osmolarity), and noxious stimuli, contributing to:

•	Visceral pain (e.g., bloating, cramping) 
•	Gut reflexes (e.g., peristalsis) 
•	Central processing of gut discomfort
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Disruptions in this sensory system can lead to hypersensitivity 
and chronic gastrointestinal disorders[8] The Gut-Brain 
Connection: How Your Microbiome Affects Mental Health|16 
2.6 ENS in Health and Disease 
Dysfunction of the ENS has been implicated in several disorders:

•	Irritable Bowel Syndrome (IBS): Altered ENS activity, 
neurotransmitter imbalance, and visceral hypersensitivity are 
key features[9]. 
•	Parkinson’s Disease (PD): Alpha-synuclein pathology has 
been observed in the ENS before motor symptoms appear in 
the brain, suggesting a possible gut origin of PD[10]. 
•	Autism Spectrum Disorder (ASD): Altered ENS structure 
and function may underlie common GI symptoms in autistic 
individuals[11]. 

2.7 ENS–Microbiome Interaction 
Microbial metabolites such as short-chain fatty acids (SCFAs), 
tryptophan metabolites, and bile acids can influence ENS 
function. Conversely, the ENS regulates microbial environment 
via motility, mucus secretion, and immune activation[12]. 
Studies using animal models have shown that germ-free mice 
exhibit underdeveloped enteric nervous system (ENS) networks 
and impaired gut motility. However, these abnormalities can be 
corrected through the introduction of microbiota. [13].
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Chapter 3 

The Microbiota–Gut–Brain Axis – The Science Behind the 
Link
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The microbiota–gut–brain axis (MGBA) describes the intricate 
two-way communication system connecting the central nervous 
system (CNS), the enteric nervous system (ENS), and the gut 
microbiota. This network involves neural, hormonal, and 
immune pathways and plays a vital role in influencing brain 
function, behavior, and overall well-being. 
Disturbances in the microbiota–gut–brain axis have been linked 
to the development of various psychiatric and neurological 
conditions, including depression, anxiety, autism spectrum 
disorder, Parkinson’s disease, and Alzheimer’s disease. 
3.1 Pathways of Communication in the MGBA 
The MGBA is mediated through several overlapping mechanisms: 
A. Neural Pathways 
Vagus Nerve: Serving as the main parasympathetic pathway, it 
carries sensory information from the gut to the brain. Stimulation 
of the vagus nerve has been found to alleviate symptoms of 
depression and influence neuroinflammatory processes. 
Enteric Nervous System (ENS): While it operates with a degree 
of independence, it also transmits sensory and motor signals via 
the vagus nerve and spinal afferent pathways. 
B. Endocrine Pathways

• Hypothalamic–Pituitary–Adrenal (HPA) Axis: Gut 
microbiota influence the host’s stress response. Germ-free 
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animals exhibit exaggerated HPA activity, which normalizes 
upon microbial colonization[5]. 
• Enteroendocrine Cells: These specialized gut cells produce 
hormones like ghrelin, peptide YY (PYY), and glucagon-like 
peptide-1 (GLP-1), which affect appetite and mood. 

C. Immune Pathways 
Microbiota-derived metabolites (e.g., SCFAs, tryptophan 
catabolites) shape mucosal immunity and influence systemic 
inflammation. Cytokines such as IL-6 and TNF-α may cross the 
blood-brain barrier (BBB) and impact brain function[6]. 

D. Microbial Metabolites
• Short-Chain Fatty Acids (SCFAs): Butyrate, propionate, 
and acetate modulate blood-brain barrier integrity, 
neurotransmitter synthesis, and inflammation[7]. 

Neurotransmitters and Precursors: Gut microbes produce 
GABA, serotonin (via tryptophan metabolism), dopamine, and 
norepinephrine, influencing behavior and mood[8]
3.2 Evidence from Animal Studies
Germ-free (GF) mice — born and raised in sterile environments 
— have been central to understanding the MGBA:

• Exhibit increased anxiety-like behavior and altered 
brain-derived neurotrophic factor (BDNF) levels in the 
hippocampus[9]. 
• Colonization with certain strains (e.g., Bifidobacterium 
longum) reverses behavioral abnormalities[10]. 
• Transplanting microbiota from depressed humans into 
GF mice induces depressive-like behaviors, suggesting 
microbiome causality[11]. 

3.3 Human Studies and Psychiatric Relevance
•Patients with depression or anxiety often show reduced 
microbial diversity and altered ratios of Firmicutes to 
Bacteroidetes[12]. 
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•Fecal microbiota transplantation (FMT) and probiotic 
interventions have shown promising results in reducing 
depressive symptoms[13,14]. 
• Functional MRI studies reveal that probiotic 
supplementation can alter brain activity in areas involved in 
emotional processing[15]. 

3.4 Stress and the Microbiome 
Chronic stress disrupts microbial composition (e.g., reduction of 
Lactobacillus) and increases intestinal permeability (“leaky gut”), 
which allows translocation of bacterial components such as 
lipopolysaccharide (LPS) — a trigger of systemic inflammation 
and neuroinflammation[16].
3.5 Neurodevelopment and the MGBA 
The gut microbiome is essential for proper brain development, 
especially during early life:

•Affects myelination, microglial maturation, and 
neurogenesis[17]. 
•Early-life dysbiosis (e.g., due to cesarean section, antibiotic 
exposure) may predispose individuals to neurodevelopmental 
disorders like autism spectrum disorder (ASD)[18].
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The link between gut health and mental well-being has attracted 
increasing attention, as growing research points to the gut 
microbiome’s role in the onset and regulation of mood disorders, 
especially depression and anxiety. The idea that gut microbes 
can impact emotional and cognitive processes is rooted in the 
core concept of the microbiota–gut–brain axis (MGBA), where 
microbial byproducts, immune factors, and neural signaling 
influence brain activity. 
The gut microbiome influences depression through several 
interconnected mechanisms, largely mediated by the 
microbiota–gut–brain axis (MGBA). One of the key pathways 
involves the production and regulation of neurotransmitters and 
neuromodulators by gut bacteria. For instance, certain microbes 
synthesize gamma-aminobutyric acid (GABA), serotonin 
precursors, dopamine, and other neuroactive compounds that can 
modulate mood and emotional regulation. Since approximately 
90% of the body’s serotonin is produced in the gut, disruptions 
in the microbiome can profoundly affect serotonin availability 
and signaling in the brain, potentially contributing to depressive 
symptoms. 
Another important factor is the role of systemic inflammation 
driven by gut dysbiosis. An imbalance in the gut microbial 
community—known as dysbiosis—can compromise intestinal 
barrier integrity, leading to increased permeability or “leaky 
gut.” This allows bacterial components like lipopolysaccharides 
(LPS) to enter the bloodstream, triggering chronic low-grade 
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inflammation. Elevated inflammatory markers such as cytokines 
have been consistently observed in patients with depression and 
are thought to interfere with neurotransmitter metabolism and 
neuroplasticity, further exacerbating mood disorders.
Key Microbial Changes: 

• Decreased levels of Bifidobacterium and Lactobacillus
• Increased Clostridium and Oscillibacter species 

• Reduced microbial diversity[2]
• Preclinical studies using animal models have provided 
compelling evidence linking the gut microbiome to 
depressive behavior. Germ-free mice, which lack a 
microbiome, exhibit altered stress responses and anxiety-
like behaviors. Introducing specific beneficial bacterial 
strains, such as Lactobacillus and Bifidobacterium, has been 
shown to alleviate these behaviors, suggesting a causal 
relationship. Similarly, fecal microbiota transplantation 
(FMT) experiments transferring microbiota from depressed 
individuals to rodents can induce depressive-like symptoms 
in the recipient animals, underscoring the microbiome’s role 
in mood regulation.[3] 
• Clinical research is increasingly investigating microbiome-
targeted therapies for depression. Probiotics, sometimes 
called “psychobiotics” when used for mental health, have 
shown promise in reducing depressive symptoms in some 
studies, likely by restoring microbial balance, reducing 
inflammation, and modulating neurotransmitter pathways. 
Dietary interventions rich in fiber and fermented foods also 
support microbiome health and may indirectly benefit mood.

4.2 Anxiety and Gut Microbiota 
Like depression, Anxiety disorders are among the most 
common mental health conditions globally, characterized by 
excessive fear, worry, and physiological symptoms such as 
restlessness, rapid heartbeat, and gastrointestinal discomfort. 
While traditionally understood through neurochemical and 
psychological frameworks, recent research has highlighted a 
strong connection between the gut microbiota and anxiety, 
mediated through the microbiota–gut–brain axis (MGBA). 
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Common microbial alterations in anxiety include:
• Increased Firmicutes/Bacteroidetes ratio 
• Elevated pro-inflammatory taxa like Proteobacteria 
• Decreased SCFA-producing bacteria such as Faecalibacterium 
prausnitzii[4]
In humans, studies have shown associations between 
dysbiosis (an imbalance in gut microbiota) and increased 
levels of anxiety. 
• Probiotics (Psychobiotics): Some clinical trials have found 
that specific probiotic strains can reduce anxiety symptoms 
in both healthy individuals and those with diagnosed 
anxiety disorders. For example, Bifidobacterium longum 1714 
and Lactobacillus helveticus R0052 have shown promise in 
improving stress resilience and reducing anxiety scores. 
• Dietary Interventions: Diets rich in fiber, polyphenols, and 
fermented foods can support microbial health and potentially 
reduce anxiety symptoms. Conversely, Western-style diets 
high in processed foods and sugars are associated with 
greater anxiety and lower microbial diversity. 

Individuals with anxiety disorders often display reduced 
microbial diversity and lower levels of beneficial bacteria like 
Bifidobacterium and Lactobacillus, alongside higher levels of pro-
inflammatory species.
Chronic stress — a known precipitant of anxiety — leads to 
increased intestinal permeability, inflammation, and dysbiosis. 
These changes trigger a systemic immune response that 
influences neuroendocrine signaling[5].
4.3 Microbial Metabolites and Neurotransmitters 
Several gut microbes produce neuroactive compounds that 
impact mood:

• Serotonin: About 90% of the body’s serotonin is produced 
in the gut. Certain bacteria (e.g., Candida, Streptococcus) can 
influence its synthesis[6]. 
• GABA: Produced by Lactobacillus and Bifidobacterium, GABA 
has calming effects and modulates stress and anxiety[7]. 
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Mechanisms of Action 
Several mechanisms have been proposed to explain how the 
gut microbiota influences anxiety:

• Neurotransmitter Modulation: Gut microbes produce 
and modulate key neurotransmitters involved in anxiety 
regulation, such as GABA, serotonin, dopamine, and 
norepinephrine. 
• HPA Axis Regulation: Dysbiosis can lead to dysregulation 
of the HPA axis, increasing cortisol levels and stress sensitivity. 
• Inflammation: Chronic low-grade inflammation, driven 
by a compromised gut barrier and microbial imbalance, is 
increasingly linked to anxiety and other mood disorders. 
• Vagal Signaling: The vagus nerve is critical for conveying 
calming signals from the gut to the brain. Microbial changes 
that impair vagal tone may contribute to heightened anxiety. 

SCFAs: Butyrate and propionate improve blood-brain barrier 
(BBB) integrity, reduce neuroinflammation, and enhance 
neurogenesis[8] 
4.4 Inflammatory Hypothesis of Depression 
A growing body of research supports the theory that chronic 
low-grade systemic inflammation may be a key contributor to 
the development and persistence of depression. This perspective 
shifts the focus from a purely neurochemical imbalance to a more 
integrated view involving the immune system and gut health. 
Key elements of this theory include:
• Elevated Inflammatory Markers in Depression: Numerous 
studies have shown that individuals with depression often 
exhibit higher levels of inflammatory markers in the blood, such 
as interleukin-6 (IL-6), C-reactive protein (CRP), and tumor 
necrosis factor-alpha (TNF-α). These markers are typically 
associated with immune activation and are indicative of a 
persistent inflammatory state, even in the absence of an infection 
or acute illness. 
• Gut Dysbiosis and Compromised Barrier Function: An 
imbalance in the gut microbiota—referred to as dysbiosis—can 
weaken the intestinal barrier, often described as “leaky gut.” 
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This allows bacterial components like lipopolysaccharides 
(LPS), which are found in the outer membrane of gram-negative 
bacteria, to pass into the bloodstream. Once in circulation, LPS 
acts as a powerful trigger for the immune system, promoting 
widespread inflammation throughout the body. 
• Impact on Neurotransmitter Pathways: Inflammatory 
cytokines can significantly disrupt brain chemistry. One of the 
most well-documented mechanisms involves the diversion of 
tryptophan, an essential amino acid and the primary precursor 
for serotonin. In an inflamed state, tryptophan is increasingly 
shunted away from serotonin production and instead 
metabolized through the kynurenine pathway. This not only 
leads to reduced serotonin availability—often associated with 
depressive symptoms—but also results in the production of 
neurotoxic metabolites like quinolinic acid (pyridine derivative), 
which may damage neurons and impair brain function.
4.5 Psychobiotics – A Therapeutic Frontier 
“Psychobiotics” refer to probiotic strains that produce mental 
health benefits through the MGBA. Clinical trials have 
demonstrated:

• Lactobacillus helveticus and Bifidobacterium longum reduce 
anxiety and cortisol levels[10] 
• Probiotic supplementation improved depression scores in 
patients with irritable bowel syndrome (IBS) and mild-to-
moderate depression[11] 

Additionally, dietary interventions such as high-fiber, fermented 
foods, and polyphenol-rich diets improve microbiota balance 
and reduce depression scores[12].
4.6 Limitations and Future Directions 
While the gut-mood connection is biologically plausible, some 
challenges remain:

• Inter-individual microbiota variability makes 
standardization difficult 
• Cause vs. correlation is hard to determine in human studies.
• Optimal strains, doses, and durations of psychobiotics 
remain to be defined 
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Future personalized microbiome-based treatments — including 
targeted probiotics, prebiotics, and microbiota transplants— 
offer promising alternatives or adjuncts to traditional psychiatric 
therapy.
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Diet is one of the most powerful modulators of the human 
gut microbiome. Every meal influences the composition and 
function of intestinal microbes, which in turn affects not only 
digestion and immunity but also brain health and behavior. 
Understanding how different dietary patterns and nutrients 
shape the microbiota is critical for developing nutritional 
strategies to enhance the gut-brain connection. 
5.1 Macronutrients and Microbial Shifts 
Carbohydrates

• Complex carbohydrates such as dietary fiber and resistant 
starch are the primary fuel for beneficial microbes.Unlike 
simple sugars, these carbohydrates are not easily digested by 
human enzymes in the upper gastrointestinal tract, allowing 
them to reach the colon largely intact. There, they become 
substrates for fermentation by specific populations of gut 
bacteria, such as Bifidobacteria and Lactobacilli. 
• Fermentation of these substrates produces short-chain 
fatty acids (SCFAs) like butyrate, acetate, and propionate — 
essential for maintaining gut barrier integrity and modulating 
inflammationand protect against chronic disease. SCFAs 
have powerful anti-inflammatory effects. They help regulate 
the immune system by reducing excessive inflammatory 
responses, which can contribute to chronic diseases like 
inflammatory bowel disease, obesity, and metabolic 
syndrome[1]. 
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• Diets low in fiber result in reduced microbial diversity and 
SCFA production. 

Proteins
• Consuming excessive amounts of protein, particularly from 
red meat sources, can have detrimental effects on gut health. 
When protein intake surpasses the digestive capacity of the 
small intestine, undigested proteins reach the colon where they 
undergo fermentation by gut bacteria. This process produces 
putrefactive compounds such as ammonia, phenols, and 
hydrogen sulfide. These substances are potentially harmful 
because they can damage colonic cells, impair the integrity 
of the gut lining, and trigger inflammation. Additionally, 
the accumulation of these toxic metabolites can disrupt the 
delicate balance of the gut microbiota, favoring the growth of 
harmful bacteria over beneficial ones. This shift in microbial 
composition may contribute to digestive discomfort, 
increased intestinal permeability, and heightened risk of 
colon-related diseases. Therefore, while protein is essential, 
excessive consumption—especially from red meat—can 
negatively impact the gut environment and overall health.[2].
• Protein fermentation is associated with higher Bacteroides 
abundance and a reduction in beneficial Firmicutes.

Fats
• Diets high in saturated fats increase bile-tolerant species 
such as Bilophilawadsworthia, associated with inflammation. 
• Omega-3 fatty acids, on the other hand, omega-3 fatty acids 
promote Lactobacillus and Bifidobacterium growth and reduce 
inflammatory cytokines, have potent anti-inflammatory 
properties. They help reduce the production of inflammatory 
cytokines—molecules that signal and amplify inflammation 
in the body. Lowering these cytokines can decrease chronic 
inflammation, which is linked to a range of diseases including 
autoimmune disorders, cardiovascular problems, and mental 
health conditions. promote Lactobacillus and Bifidobacterium 
growth and reduce inflammatory cytokines[3]. 
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5.2 Dietary Patterns and the Microbiota 

Western Diet
• The typical Western diet is characterized by a high intake of 
fats, sugars, and heavily processed foods, which profoundly 
impacts gut health. This dietary pattern is associated with 
a significant reduction in microbial diversity, meaning the 
variety and balance of beneficial bacteria in the gut decrease. 
Such diminished diversity undermines the resilience and 
functional capacity of the microbiome. Furthermore, the 
Western diet promotes increased intestinal permeability, 
often referred to as “leaky gut,” where the gut lining becomes 
compromised, allowing harmful substances like bacterial 
toxins to enter the bloodstream. This leakage triggers systemic 
inflammation, a chronic, low-grade immune response that 
contributes to various metabolic and inflammatory diseases. 
Additionally, this diet fosters an environment favorable to 
opportunistic pathogens—microbes that can cause disease 
when allowed to overgrow—while simultaneously reducing 
populations of protective, beneficial bacteria that maintain 
gut barrier integrity and immune balance. Together, these 
changes create a vicious cycle that jeopardizes both gut and 
overall health.[4]

Mediterranean Diet
• A diet rich in fruits, vegetables, whole grains, legumes, 
and healthy fats—such as those found in nuts and olive oil—
has a profoundly positive impact on the gut microbiome 
and overall health. This nutrient-dense dietary pattern 
promotes the growth of beneficial bacterial species, including 
Faecalibacteriumprausnitzii and Akkermansiamuciniphila, both of 
which are known for their anti-inflammatory properties and 
support of gut barrier integrity. These bacteria play a crucial 
role in fermenting dietary fibers to produce short-chain fatty 
acids (SCFAs) like butyrate, acetate, and propionate, which 
nourish colon cells, regulate immune responses, and maintain 
the intestinal lining. 
• By strengthening the gut barrier, this diet reduces the 
translocation of harmful bacterial components such as 
lipopolysaccharides (LPS) into the bloodstream, thereby 
lowering systemic inflammation. These changes have been 
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linked not only to improved physical health but also to better 
cognitive function and mood regulation, highlighting the 
powerful connection between diet, gut microbiota, and brain 
health

Vegetarian and Vegan Diets
• Encouraging a diet rich in dietary fiber is fundamental for 
nurturing a healthy and diverse gut microbiome. High fiber 
intake provides essential substrates for gut bacteria, allowing 
them to flourish and increase overall microbial diversity—a 
key indicator of a resilient and balanced gut ecosystem. 
When fiber is fermented by these beneficial microbes, it leads 
to the production of short-chain fatty acids (SCFAs) such as 
butyrate, acetate, and propionate. SCFAs play critical roles 
in maintaining gut health by nourishing intestinal cells, 
strengthening the gut barrier, and modulating immune 
function to reduce inflammation. 

Beyond gastrointestinal benefits, increased SCFA levels and 
enhanced microbial diversity have been linked to positive effects 
on mental health. Several studies have reported that diets high in 
fiber correlate with a lower incidence of depression and anxiety 
symptoms, suggesting that the gut microbiome’s metabolic 
outputs can influence brain chemistry and emotional well-being. 
This connection highlights the potential of dietary fiber not only 
to improve physical health but also as a valuable component in 
managing and possibly preventing mood disorders through gut-
brain axis modulation.[6]
5.3 Fermented Foods and Psychobiotics

• Fermented foods such as yogurt, kefir, kimchi, miso, and 
sauerkraut are rich, natural sources of probiotics—live 
beneficial microorganisms that can positively influence gut 
health. Consuming these foods introduces a variety of live 
bacteria into the digestive system, which can temporarily 
enhance the diversity and balance of the gut microbiome. 
Although these microbes may not permanently colonize the 
gut, their presence can modulate important physiological 
processes, including digestion, immune function, and the 
production of neuroactive compounds. Through the gut-
brain axis, these effects extend beyond the gut, influencing 
brain function and mental health. 
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• Several clinical trials have demonstrated that regular 
intake of fermented foods is associated with measurable 
improvements in mood and reductions in anxiety symptoms. 
These findings suggest that the probiotics in fermented 
foods may help regulate neurotransmitter levels, reduce 
inflammation, and support stress resilience, thereby offering 
a natural, accessible means to promote emotional well-being 
and mental health.[7]. 

5.4 Prebiotics and Their Cognitive Benefits 
Prebiotics are non-digestible food components (e.g., inulin, 
fructooligosaccharides, galactooligosaccharides) that selectively 
stimulate the growth of beneficial microbes.

• Prebiotics—non-digestible dietary fibers that nourish 
beneficial gut bacteria—play a crucial role in supporting a 
healthy microbiome. Consuming prebiotics has been shown to 
increase the populations of Bifidobacteria and Lactobacilli, two 
key groups of beneficial microbes known for their positive 
effects on gut and immune health. These bacteria ferment 
prebiotics to produce short-chain fatty acids (SCFAs), which 
have anti-inflammatory properties and help maintain the 
integrity of the gut lining. 
• Importantly, prebiotic intake has also been linked to 
reductions in stress-related cortisol levels, a hormone released 
during the body’s stress response. Lower cortisol levels 
contribute to improved emotional balance and resilience. 
Several studies have demonstrated that supplementation with 
prebiotics enhances cognitive flexibility—the brain’s ability 
to adapt to new information—and supports better emotional 
regulation, indicating their potential as natural interventions 
to promote mental well-being through the gut-brain axis.[9] 

5.5 Polyphenols – Microbial Co-Partners 
Polyphenols are plant-derived compounds (found in berries, 
tea, cocoa, wine) that are metabolized by gut microbes into 
neuroactive metabolites.

• Certain dietary components and lifestyle factors promote 
the growth of beneficial, anti-inflammatory microbes in the 
gut, such as Akkermansia and Lactobacillus. These bacteria play 
vital roles in maintaining gut barrier integrity, modulating 
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immune responses, and reducing inflammation throughout 
the body. By fostering their growth, it is possible to create 
a more balanced and resilient gut environment that protects 
against chronic inflammation, which is linked to various 
health issues including mental disorders. 
• Beyond their anti-inflammatory functions, these microbes 
also contribute antioxidant and neuroprotective effects. They 
help neutralize harmful oxidative molecules and support 
brain health by producing compounds that protect neurons 
from damage. As a result, their presence is associated with a 
reduction in cognitive decline and alleviation of depressive 
symptoms, highlighting the important link between gut 
microbial balance, brain function, and emotional well-being.
[10]

5.6 Fasting and Time-Restricted Eating
• Intermittent fasting—a dietary pattern that cycles between 
periods of eating and fasting—has been found to significantly 
influence the gut microbiota by altering its circadian rhythms 
and enhancing microbial diversity. The gut microbiome 
naturally follows daily fluctuations aligned with the host’s 
biological clock, and intermittent fasting helps to synchronize 
these microbial cycles, promoting a healthier and more 
balanced microbial community. Increased diversity of gut 
bacteria is generally associated with improved resilience 
against diseases and better overall gut function. 
• Animal studies have further demonstrated that intermittent 
fasting can lead to notable improvements in brain health. 
Specifically, rodents subjected to fasting protocols exhibit 
reduced anxiety-like behaviors, suggesting enhanced 
emotional regulation. Moreover, these fasting regimens 
improve synaptic plasticity, the brain’s ability to form and 
reorganize neural connections, which is crucial for learning, 
memory, and cognitive flexibility. Together, these findings 
indicate that intermittent fasting not only benefits metabolic 
health but also supports mental well-being through its effects 
on the microbiota and brain function.[11]. 

5.7 Practical Dietary Recommendations 
To optimize the gut-brain axis through nutrition:
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• Consume at least 25–30 grams of fiber/day from diverse 
plant sources 
• Include fermented foods regularly 
• Avoid processed sugars and trans fats 
• Emphasize omega-3-rich foods (e.g., fatty fish, flaxseed) 
• Drink sufficient water to aid digestion and fermentation 

• Limit red meat and ultra-processed food intake 
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Recent scientific investigations increasingly highlight the gut 
microbiome as a significant contributor to the development 
of neurodegenerative diseases. Among the most extensively 
researched conditions in this context are Parkinson’s disease 
(PD) and Alzheimer’s disease (AD). These disorders are not 
solely confined to the brain; instead, they are marked by broader 
physiological disturbances that begin or are influenced by the 
gut. 
A consistent finding in both PD and AD is the presence of chronic 
systemic inflammation, which is thought to be partially driven 
by microbial imbalances in the gut. Alongside this, individuals 
with these diseases often exhibit gut barrier dysfunction, 
commonly referred to as “leaky gut.” This compromised barrier 
allows harmful bacterial products—such as lipopolysaccharides 
(LPS)—to enter the bloodstream, promoting inflammatory 
responses that may affect the brain over time. 
Furthermore, gut microbiota dysbiosis—an imbalance in the 
composition and function of the gut microbial community—has 
been observed in patients with PD and AD. This dysbiosis can 
alter immune responses, impact neurotransmitter levels, and 
influence metabolic pathways, all of which are relevant to the 
progression of neurodegeneration. 
6.1 Parkinson’s Disease and the Gut 
Parkinson’s disease is a progressive neurodegenerative 
disorder primarily characterized by motor symptoms such as 
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bradykinesia, rigidity, and tremors. However, gastrointestinal 
(GI) symptoms like constipation often precede motor features by 
years, suggesting an early gut involvement[1].
6.1.1 Alpha-Synuclein and Gut Origin Theory

• Alpha-synuclein (α-syn) aggregates, the pathological 
hallmark of PD, have been found in the enteric nervous 
system (ENS) and vagus nerve in early disease stages[2]. 
• Braak’s hypothesis proposes that PD may originate in the 
gut, with α-syn pathology spreading to the brain via the 
vagus nerve[3]. 

6.1.2 Microbiota Composition in PD 
PD patients typically show:

• Decreased Prevotella, A decrease in Prevotella, a genus of 
beneficial gut bacteria, has been observed in individuals with 
certain neurological and gastrointestinal disorders, including 
Parkinson’s disease. Prevotella plays a key role in the 
production of mucin, a glycoprotein essential for maintaining 
the protective mucus layer that lines the intestinal wall. 
Lower levels of Prevotella are associated with reduced mucin 
production, which can compromise gut barrier integrity. 
This weakened barrier—often referred to as a “leaky 
gut”—allows harmful substances like bacterial toxins and 
inflammatory molecules to enter the bloodstream, potentially 
triggering systemic inflammation and contributing to 
neuroinflammatory processes. The reduction in Prevotella 
may therefore play a critical role in gut–brain axis dysfunction 
and the progression of inflammatory and neurodegenerative 
conditions.which correlates with lower mucin production 
and gut barrier integrity. 
• Research has shown that individuals with Parkinson’s 
disease (PD) often exhibit an increased abundance of 
Enterobacteriaceae, a family of bacteria commonly linked 
to pro-inflammatory responses. Elevated levels of these 
bacteria in the gut are thought to contribute to intestinal 
and systemic inflammation, which may exacerbate 
neuroinflammation and the progression of PD. Notably, 
higher concentrations of Enterobacteriaceae have been 
correlated with greater motor symptom severity, including 
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tremors, rigidity, and bradykinesia. This suggests that the 
gut microbiota may influence not only brain function but 
also the clinical expression of motor symptoms in PD. These 
findings support the theory that gut dysbiosis plays a key 
role in the disease’s pathophysiology, possibly by triggering 
or amplifying immune responses that affect the central 
nervous system. As a result, modulating the gut microbiome 
may offer a potential therapeutic avenue for managing motor 
symptoms in Parkinson’s disease.[4] 

6.1.3 Fecal Transplantation and Animal Studies
When mice are transplanted with gut microbiota taken from 
patients with Parkinson’s disease (PD), they tend to develop more 
severe motor impairments—such as difficulty with movement 
and coordination—compared to mice receiving microbiota from 
healthy individuals. This experimental finding suggests that the 
altered microbial communities present in PD patients can actively 
contribute to worsening neurological symptoms. Additionally, 
these mice show higher levels of neuroinflammation, meaning 
their brains have increased immune activity and inflammation, 
which is a hallmark of Parkinson’s disease pathology. This 
evidence supports the idea that changes in gut microbiota may 
play a causal role in driving or exacerbating the motor and 
inflammatory features of PD, highlighting the importance of the 
microbiota–gut–brain axis in neurodegenerative diseases.[5]. 

• Vagotomy, a surgical procedure that involves cutting the 
vagus nerve, has been linked to a reduced risk of developing 
Parkinson’s disease (PD) in several large population studies. 
This finding supports the gut-brain propagation theory, which 
suggests that PD may begin in the gastrointestinal tract and 
spread to the brain via the vagusnerve.By severing this nerve, 
vagotomy may interrupt the transmission of pathological 
agents, such as misfolded proteins or inflammatory signals, 
from the gut to the brain. This epidemiological evidence 
reinforces the idea that the gut plays a critical role in the early 
stages of PD and that targeting gut-brain interactions could 
offer new preventive or therapeutic strategies.[6].

6.2 Alzheimer’s Disease and the Microbiota
Alzheimer’s disease is the most common form of dementia, 
marked by progressive memory loss, cognitive decline, and 
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accumulation of amyloid-β (Aβ) plaques and tau tangles in the 
brain. 
6.2.1 Gut Dysbiosis and Amyloid Pathology

• Gut microbiota can promote amyloid deposition via 
systemic inflammation and increased intestinal permeability 
(“leaky gut”)[7]. 
• Bacterial amyloids (e.g., curli from E. coli) may cross-seed 
with human Aβ, accelerating plaque formation[8]. 

6.2.2 Inflammatory Pathways
• Gut-derived lipopolysaccharide (LPS) and trimethylamine 
N-oxide (TMAO) can cross the blood-brain barrier and trigger 
microglial activation, contributing to neuroinflammation[9]. 
• Elevated plasma LPS and TMAO levels have been observed 
in AD patients and correlate with cognitive decline[10].

6.2.3 Microbiota Changes in AD 
• AD patients show reduced levels of anti-inflammatory 
bacteria such as Bifidobacterium and Eubacterium 
• Increased abundance of pro-inflammatory species including 
Escherichia/Shigella[11]

6.3 Therapeutic Insights and Interventions 

Probiotics and Prebiotics 
• Lactobacillus and Bifidobacterium strains reduce cognitive 
impairment and amyloid burden in AD mouse models[12]. 
• Probiotic supplementation has shown to improve Mini-
Mental State Examination (MMSE) scores in human AD 
patients in small trials[13]. 

Dietary Interventions
• Mediterraneandiet and ketogenicdiets haveneuroprotective 
effects mediated partly through microbial modulation. The 
Mediterranean diet, rich in fiber, polyphenols, and healthy 
fats, promotes the growth of anti-inflammatory, SCFA-
producing bacteria, supporting brain health and reducing 
neuroinflammation. Similarly, the ketogenic diet, high in fats 
and low in carbohydrates, alters gut microbial composition 
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in ways that may enhance mitochondrial function and 
reduce oxidative stress in the brain. These microbial shifts 
help regulate the gut-brain axis, contributing to improved 
cognitive function and reduced risk or progression of 
neurological disorders. [14]. 
• Still experimental but shows promise in animal models 
by reducing amyloid pathology and improving cognition. 
These interventions appear to modulate neuroinflammation, 
improve gut barrier integrity, and alter the production of 
neuroactive compounds that can cross the blood–brain 
barrier or signal through the vagus nerve. As a result, treated 
animals often demonstrate enhanced cognitive performance, 
such as improved memory and learning in behavioral tests, 
compared to untreated controls.[15]. 

6.4 Mechanistic Summary
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The therapeutic modulation of the gut microbiota using 
probiotics, prebiotics, and psychobiotics has emerged as a 
promising strategy in the treatment of mental and neurological 
disorders. These interventions aim to restore microbial balance, 
enhance gut barrier integrity, and influence neurochemical and 
immune pathways involved in brain function. By targeting the 
microbiota–gut–brain axis, they may help regulate mood, stress 
responses, and cognitive processes. This chapter examines the 
mechanisms by which these agents exert their effects, reviews 
current preclinical and clinical evidence, and explores their 
potential clinical applications, positioning microbiota-targeted 
therapies as a novel frontier in neuropsychiatric and neurological 
care.

7.1 Definitions 
• Probiotics: Live microorganisms that, when administered 

in adequate amounts, confer a health benefit to the host[1].
•Prebiotics: Substrates selectively utilized by host 

microorganisms that confer a health benefit[2].
• Psychobiotics: A class of probiotics or prebiotics that 

exert mental health benefits through the modulation of the 
microbiota–gut–brain axis[3]. 
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7.2 Mechanisms of Action 
Psychobiotics and other microbiota-modifying agents influence 
brain function through several mechanisms:
• Production of neurotransmitters such as GABA, serotonin, 
and dopamine 
• Regulation of HPA axis activity, thus reducing stress-induced 
cortisol elevation 
• Immune modulation via suppression of pro-inflammatory 
cytokines (e.g., IL-6, TNF-α) 
• Reinforcement of intestinal barrier integrity, preventing LPS-
induced systemic inflammation 
• Influencing vagus nerve activity, which transmits gut-derived 
signals to the brain[4]
7.3 Clinical Evidence: Probiotics 
Several clinical trials have evaluated the efficacy of probiotics in 
improving symptoms of depression, anxiety, and stress: 
• Meta-analyses show that probiotics significantly reduce  
depressive symptoms compared to placebo[5]. 
• Lactobacillus helveticus R0052 and Bifidobacterium longum R0175 
have been shown to reduce cortisol and psychological distress in 
both humans and rodents[6]. 
• In patients with irritable bowel syndrome (IBS), which 
is highly comorbid with anxiety and depression, probiotics 
improved both GI and psychological symptoms[7]. 
7.4 Clinical Evidence: Prebiotics 
Prebiotics, such as fruc too ligosaccharides (FOS) and galac too 
ligosaccharides (GOS), nourish beneficial bacteria and impact 
emotional regulation:
•Supplementing with galacto-oligosaccharides (GOS), a 
prebiotic fiber, has been shown to positively impact stress and 
emotional processing. One key finding is a reduction in the 
cortisol awakening response (CAR)—a biological marker of 
stress that reflects how sharply cortisol levels rise shortly after 
waking.A lower CAR suggests reduced physiological stress 
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levels. Additionally, individuals receiving GOS showed less 
attentional bias toward negative emotional stimuli, meaning 
they were less likely to focus on or be influenced by negative 
facial expressions or emotionally charged images.[8]. 
• A lower cortisol awakening response (CAR) indicates reduced 
physiological stress, reflecting a calmer stress response system. 
Additionally, individuals who received GOS were less focused 
on negative emotional cues, such as angry or sad faces, 
suggesting a more positive or balanced emotional outlook. This 
points to GOS’s potential role in supporting mental well-being 
by reducing stress and negative emotional reactivity.[9]. 
7.5 Synbiotics and Postbiotics 

• Synbiotics (combinations of probiotics and prebiotics) offer 
synergistic benefits in modulating mood and stress levels[10].

• Postbiotics, the non-viable bacterial products or metabolites 
(e.g., SCFAs), also demonstrate neuroactive effects, especially 
in animal studies, and are increasingly explored as therapeutic 
agents[11]

7.6 Safety and Limitations 
• Probiotics are generally considered safe for healthy 

individuals. However, immunocompromised patients may be 
at risk of bacteremia or fungemia. 

• Current limitations include: 
• Variability in probiotic strains and dosage across studies 
• Short-term trials with small sample sizes 
• Lack of standardized psychobiotic guidelines 

Future research should focus on strain-specific effects, long-term 
safety, and personalized psychobiotic regimens.
7.7 Future Directions 
Certainly! Here’s a slightly expanded version with more 
explanation for each point:

• Customized Probiotics: These are probiotics specifically 
formulated based on an individual’s unique gut microbiome 
composition and genetic profile. The goal is to create more 
effective, personalized treatments that address specific 
microbial imbalances and optimize gut-brain communication. 
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• Microbiota-Targeted Nutrition: These are specially 
engineered or selected foods designed to nourish and support 
specific beneficial microbial populations in the gut. By 
encouraging the growth of targeted bacteria, these foods can 
help modulate immune function, metabolism, and even mood. 

• FMT and Live Biotherapeutics: Fecal microbiota 
transplantation (FMT) and live biotherapeutic products (e.g., 
FDA-approved microbial therapies) are emerging treatments 
aimed at restoring a healthy microbiome. They are especially 
promising for psychiatric and neurodegenerative conditions 
that are resistant to conventional therapies, offering a more 
direct and targeted approach to correcting dysbiosis.

• Modulating Microbial Metabolites: This approach focuses 
on developing drugs or supplements that mimic or influence 
neuroactive compounds produced by gut microbes, such as 
short-chain fatty acids (SCFAs), tryptophan metabolites, 
and bile acids. These compounds have a profound effect on 
brain function, inflammation, and neurotransmitter regulation, 
and may offer new therapeutic strategies for mental and 
neurological health. 
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The Gut-Immune-Brain Axis represents a complex, bidirectional 
communication network linking the gastrointestinal tract, the 
immune system, and the central nervous system. Central to this 
axis is the gut microbiota, which plays a crucial role in immune 
system development and regulation. When the microbial balance 
is disrupted—due to infection, stress, diet, or antibiotic use—
it can compromise the intestinal barrier, leading to increased 
permeability or “leaky gut.” This allows microbial products like 
lipopolysaccharides (LPS) to enter circulation, triggering systemic 
inflammation. In turn, inflammatory cytokines can cross the 
blood-brain barrier or influence neural pathways, contributing 
to neuroinflammation and changes in mood, cognition, and 
behavior. Moreover, chronic immune activation may play a role 
in the development of autoimmune conditions affecting the 
nervous system, such as multiple sclerosis. This gut-immune-
brain interplay has significant implications for understanding 
the pathophysiology of neuropsychiatric disorders, highlighting 
the therapeutic potential of targeting the gut microbiome to 
modulate immune responses and improve brain health.

8.1 The Gut as an Immune Organ
• The gut houses over 70% of the body’s immune cells, 

particularly in gut-associated lymphoid tissue (GALT)[1]. 
• Microbial colonization during early life is critical for proper 

development of the immune system. 
• Commensal microbes train the immune system to tolerate 

beneficial organisms while reacting to pathogens. 
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8.2 Dysbiosis and Immune Dysregulation Dysbiosis, or 
microbial imbalance, can lead to: Leaky gut: Loss of intestinal 
barrier integrity allows microbial antigens like LPS to enter 
systemic circulation[2] 

• Systemic inflammation: LPS and other microbial metabolites 
trigger toll-like receptor (TLR)-mediated immune activation, 
elevating cytokines such as IL-6, TNF-α, and IL-1β[3] 

• Microglial activation: These inflammatory mediators cross 
the blood-brain barrier (BBB), leading to CNS inflammation 
and neurodegeneration[4]

8.3 Autoimmunity and Gut Microbes 
Autoimmune diseases result from the immune system mistakenly 
attacking the body’s own tissues. A growing body of research 
links these conditions to gut microbiota imbalances, or dysbiosis. 
Multiple Sclerosis (MS)

• In Multiple Sclerosis (MS), patients often exhibit decreased 
levels of beneficial bacteria such as Clostridia and Bacteroides, 
alongside increased levels of Akkermansia. Studies have shown 
that transferring gut microbiota from MS patients into animal 
models can worsen autoimmune activity.[5[[6]

Systemic Lupus Erythematosus (SLE) 
In Systemic Lupus Erythematosus (SLE), dysbiosis is associated 
with increased intestinal permeability and a decline in short-
chain fatty acid (SCFA)-producing bacteria. These changes 
disrupt the balance between pro-inflammatory Th17 cells and 
anti-inflammatory regulatory T cells (Tregs), both essential in 
maintaining immune tolerance. 
Rheumatoid Arthritis (RA) 
In Rheumatoid Arthritis (RA), elevated levels of Prevotellacopri 
have been linked to early disease onset. Gut microbial alterations 
in RA may promote joint inflammation through increased 
systemic cytokine production and the migration of activated 
immune cells. 
8.4 Neuroinflammation and Mental Health 

Persistent immune activation contributes to psychiatric disorders: 
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• Elevated levels of inflammatory cytokines including 
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α)are 
found in depression, schizophrenia, and bipolar disorder[9]

• Tryptophan metabolism is diverted from serotonin to 
the kynurenine pathway, This shift leads to the formation of 
neurotoxic byproducts, such as quinolinic acid, which may 
contribute to the neurological and behavioral symptoms 
observed in these mental health disorders.[10]

8.5 Gut Microbiota and Stress-Induced Immune Activation 
Chronic psychological stress affects both the microbiota and 
immune system: 

• Stress increases intestinal permeability via corticotropin-
releasing hormone (CRH). 

• Activates mast cells and pro-inflammatory cytokines.
• Reduces beneficial Lactobacilli, further weakening barrier 

function[11]
8.6 Immunomodulatory Therapies 
Probiotics and Prebiotics 
• Certain strains (Lactobacillus rhamnosus, Bifidobacterium 

breve) enhance Treg populations and reduce systemic 
inflammation[12].

Fecal Microbiota Transplantation (FMT) 
• Shown to restore immune balance and ameliorate 

inflammation in experimental autoimmune encephalomyelitis 
(EAE), a model of MS[13]

Dietary Immunonutrition
• Omega-3 fatty acids, polyphenols, and SCFA-producing 

fibers reduce inflammation. 
• Anti-inflammatory diets modulate gut microbiota and 

lower systemic immune responses. 
8.7 Summary of Immune Pathways
Pathway Impact
TLR4–LPS Axis Drives systemic inflammation and 

neurodegeneration
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Th17/Treg Imbalance Promotes autoimmunity

Cytokine surge Affects mood and cognition

Kynurenine pathway Depletes  serotonin, increases neurotoxins
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As research continues to uncover the strong link between the 
gut and brain, clinical trials are increasingly investigating 
microbiome-focused therapies—such as probiotics, prebiotics, 
dietary changes, and fecal microbiota transplantation—as 
potential treatments for mental health conditions. These 
interventions aim to restore microbial balance and influence 
brain function through the gut-brain axis. 
This chapter delves into a growing body of research that supports 
the use of microbiome-based interventions as a promising 
avenue for addressing various mental and neurological health 
challenges. It carefully examines key preclinical and clinical 
studies that explore how therapies such as probiotics, prebiotics, 
psychobiotics, dietary modifications, and fecal microbiota 
transplantation (FMT) can influence the gut–brain axis and, in 
turn, impact brain function and emotional well-being. 
In conditions such as depression and anxiety, studies have 
shown that modulating the gut microbiota can lead to measurable 
improvements in mood, stress resilience, and emotional 
regulation. These benefits are thought to arise through multiple 
mechanisms, including reduced systemic inflammation, 
improved gut barrier function, and enhanced neurotransmitter 
production. In the case of cognitive decline, especially in aging 
populations or those with neurodegenerative diseases, emerging 
evidence suggests that restoring microbial balance may help 
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preserve cognitive function, slow disease progression, and 
reduce neuroinflammation. 
By synthesizing these findings, the chapter highlights the 
therapeutic potential of microbiota-targeted approaches—not as 
standalone treatments, but as valuable adjuncts to conventional 
pharmacological and psychotherapeutic interventions. It also 
underscores the importance of personalized strategies, given 
individual variability in microbiome composition and response 
to treatment. Overall, this chapter aims to illuminate how gut 
microbiome modulation is reshaping our understanding and 
treatment of psychological and neurological disorders. 
9.1 Major Depressive Disorder (MDD) 
Depression is the most widely studied psychiatric condition in 
microbiome-related trials. 
It has emerged as the most extensively researched psychiatric 
disorder in the context of microbiome-related clinical and 
preclinical trials. This is largely due to the growing recognition 
of the gut–brain axis as a key player in mood regulation 
and emotional health, as well as the limitations of current 
antidepressant therapies, which are not always effective and can 
have significant side effects. 
Multiple studies have demonstrated that individuals with 
depression often exhibit gut dysbiosis, characterized by reduced 
microbial diversity and a decline in beneficial bacteria such as 
Bifidobacterium and Lactobacillus. These microbial imbalances are 
thought to contribute to depression through several mechanisms, 
including increased gut permeability, systemic inflammation, 
and altered neurotransmitter production, particularly serotonin 
and GABA. The kynurenine pathway, influenced by gut 
microbes and inflammatory signals, has also been implicated in 
the pathophysiology of depression. 
Clinical trials using probiotics—often referred to as psychobiotics 
when used for mental health—have shown promising results 
in reducing depressive symptoms. Strains like Lactobacillus 
helveticus and Bifidobacterium longum have been associated with 
improvements in mood, reductions in stress hormone levels 
(e.g., cortisol), and enhanced emotional regulation. Additionally, 
dietary interventions such as the Mediterranean diet, which 
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supports a healthier microbiome, have been linked to lower rates 
of depression. 
Because of its high prevalence, substantial global burden, and 
well-documented connection with gut health, depression 
continues to be a central focus of research into microbiome-based 
therapies. These investigations are paving the way for novel, 
adjunctive treatment approaches that target the microbiota to 
enhance mental well-being and treatment outcomes.
9.1.1 Clinical Evidence

• Meta-analyses have shown a statistically significant 
reduction in depressive symptoms among patients receiving 
probiotic supplementation compared to placebo[1]. 

• Adouble-blindRCTinvolving Lactobacillushelveticus and 
Bifido bacterium longum demonstrated improvements in mood, 
anxiety scores, and cortisol regulation[2]. 

• Prebiotic supplementation with galactooligosaccharides 
(GOS) in healthy individuals reduced negative emotional bias 
and improved attention[3]. 

9.1.2 Mechanisms
• Enhancement of neurotransmitter production, especially 

serotonin and GABA 
• Reduction in pro-inflammatory cytokines 
• Increased short-chain fatty acid (SCFA) production 

improving neuroplasticity 
9.2 Anxiety Disorders 
9.2.1 Human Studies

• In patients with generalized anxiety disorder (GAD), 
probiotic use for 8 weeks led to significant reductions in 
Hamilton Anxiety Rating Scale (HAM-A) scores[4]. 

• Fermented foods intake was associated with lower social 
anxiety symptoms in young adults in observational studies[5] 

9.2.2 Animal Studies
• Germ-free mice exhibit heightened anxiety-like 

behaviors, which are reversed by recolonization with normal 
microbiota[6] 
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• Specific Lactobacillus strains upregulate GABA receptor 
expression in brain regions associated with fear and 
emotion[7] 

9.3 Cognitive Impairment and Neurodegeneration
• A 12-week trial of a multispecies probiotic in Alzheimer’s 

patients showed improvements in Mini-Mental State 
Examination (MMSE) scores and metabolic profiles[8].

• Fecal Microbiota Transplantation (FMT) in AD animal 
models reduced amyloid plaque formation and improved 
spatial learning[9].

9.4 Autism Spectrum Disorder (ASD) 
Children with Autism Spectrum Disorder (ASD) often 
experience a range of gastrointestinal (GI) symptoms, 
including constipation, diarrhea, abdominal pain, bloating, and 
irregular bowel habits. These digestive issues are reported more 
frequently in children with ASD than in neurotypical peers, 
and their presence is often associated with increased behavioral 
challenges, such as irritability, anxiety, and sleep disturbances. 
Growing evidence suggests that these GI symptoms are 
not isolated but are closely linked to alterations in the gut 
microbiota, the community of microorganisms residing in the 
digestive tract. Studies have found that children with ASD tend 
to have reduced microbial diversity and an imbalance in specific 
bacterial groups—such as lower levels of Bifidobacterium and 
higher levels of potentially harmful species like Clostridium 
and Desulfovibrio. These microbial imbalances may affect 
gut permeability, immune activation, and the production of 
neuroactive compounds, such as short-chain fatty acids and 
neurotransmitter precursors. 
This dysregulated gut environment may contribute to the 
neurological and behavioral features of ASD through the gut–
brain axis, a bidirectional communication system linking the 
gastrointestinal system and the central nervous system. As a 
result, the gut microbiota is increasingly being explored as a 
potential therapeutic target in ASD, with interventions such as 
probiotics, prebiotics, dietary changes, and fecal microbiota 
transplantation (FMT) being studied for their potential to 
improve both GI and behavioral symptoms in affected children.
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9.4.1 FMT Trials
• A landmark study called MIRACLE (Microbiota Transfer 

Therapy) showed sustained improvements in GI symptoms, 
social behavior, and communication up to two years post-FMT 
in children with ASD[10]. 

9.4.2 Probiotics
• Supplementation with Lacto bacillus plantarum improved 

language skills and stereotypic behavior in ASD children[11]. 
9.5 Bipolar Disorder and Schizophrenia 
• Preliminary pilot studies involving patients with bipolar 
disorder have provided early but promising evidence supporting 
the role of probiotics in improving mental health outcomes. One 
notable finding is that the use of probiotic supplements was 
associated with a reduction in hospital readmission rates over 
a 6-month period. These studies typically involved patients who 
were recently discharged after a manic or depressive episode and 
were receiving standard psychiatric care, including medication. 
The addition of specific probiotic strains—often from the 
Lactobacillus and Bifidobacterium genera—appeared to stabilize 
mood and reduce the risk of relapse, which is a significant 
concern in the long-term management of bipolar disorder. The 
proposed mechanisms include modulation of the gut–brain axis, 
reduction in systemic inflammation, enhancement of intestinal 
barrier integrity, and regulation of stress-response pathways, 
including the hypothalamic–pituitary–adrenal (HPA) axis. 
Although these findings are preliminary and based on small 
sample sizes, they highlight the potential of adjunctive 
microbiome-based therapies in reducing the burden of severe 
psychiatric conditions and improving long-term treatment 
outcomes. Larger, controlled clinical trials are needed to confirm 
these effects and determine optimal strains, dosages, and 
treatment durations.[12] 
• Emerging research has shown that individuals with 
schizophrenia often present with distinct alterations in their 
gut microbiota compared to healthy individuals. These changes 
typically include reduced microbial diversity and imbalances 
in specific bacterial populations, such as decreased levels of 
Lactobacillus and Bifidobacterium, alongside increased levels 
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of potentially pro-inflammatory or pathogenic species. These 
microbial shifts may contribute to systemic inflammation, 
oxidative stress, and neurotransmitter dysregulation—factors 
that are believed to play a role in the pathophysiology of 
schizophrenia. 
• Importantly, several pilot studies and small-scale clinical trials 
have begun to explore the therapeutic potential of probiotics 
as an adjunct treatment for schizophrenia. Some of these 
studies have reported modest but meaningful improvements 
in cognitive function, including better attention, memory, and 
executive functioning, following probiotic supplementation. 
These cognitive improvements are especially significant given 
that cognitive deficits are a core, treatment-resistant feature of 
schizophrenia that greatly impacts daily functioning and quality 
of life. 
• The underlying mechanisms by which probiotics may influence 
cognition in schizophrenia likely involve modulation of the 
gut-brain axis, reduction in systemic and neuroinflammation, 
enhanced gut barrier function, and potential changes in 
neurotransmitter availability, particularly dopamine and 
glutamate, which are central to schizophrenia pathology. 
• While these findings are encouraging, larger, well-controlled 
studies are needed to confirm the efficacy and safety of specific 
probiotic strains in improving cognitive outcomes and overall 
symptom management in schizophrenia. Nonetheless, this line 
of research highlights the promising role of the gut microbiome 
in understanding and treating complex psychiatric disorders.
[13].
9.6 Limitations of Current Trials 
Despite promising results, clinical evidence has limitations: 

• Small sample sizes and short durations 
• Heterogeneity in strains, dosages, and endpoints 
• Lack of microbiome sequencing in most studies to 

personalize interventions 
• Placebo effect may influence subjective mood assessments
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9.7 Ongoing and Future Trials 
• NIH-funded trials are underway to test microbiota-targeted 

therapies for depression and Alzheimer’s 
• Precision probiotics are being developed based on 

individual microbiota profiles 
• Psychedelic-assisted therapy may also modulate microbiota 

indirectly via immune and neural pathways
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The Era of Personalized Microbiome Medicine marks a 
significant advancement in healthcare, where treatments are 
tailored based on an individual’s unique gut microbiome 
composition. With the growing understanding that the 
gut microbiota plays a crucial role in digestion, immunity, 
metabolism, and even brain function, researchers are now 
exploring how personalized interventions can improve health 
outcomes more effectively than one-size-fits-all approaches. By 
analyzing a person’s specific microbial profile through stool 
analysis or genetic sequencing, clinicians can identify imbalances 
or deficiencies linked to various conditions, including obesity, 
autoimmune diseases, depression, and irritable bowel syndrome. 
Personalized microbiome medicine may involve customized 
probiotics, prebiotics, dietary plans, or even targeted microbial 
therapies like fecal microbiota transplantation. This approach 
holds promise for enhancing treatment precision, minimizing 
side effects, and preventing disease by addressing underlying 
microbial causes. As technology advances, integrating 
microbiome data into routine clinical care could revolutionize 
how we diagnose, treat, and manage a wide range of physical 
and mental health conditions. 
10.1.1 Microbiome Stratification

• Enterotypes: Individuals may be classified by dominant gut 
bacterial genera (e.g., Bacteroides, Prevotella)—each associated 
with different metabolic and neuroactive profiles[1]. 
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• Responders vs. Non-Responders: Some individuals benefit 
from probiotics, while others do not, due to baseline microbiome 
differences[2]. 

10.1.2 Predictive Models

• Machine learning models can predict who will respond 
to antidepressants or psychobiotics based on gut microbial 
signatures[3]. 

• Gut microbiome testing companies (e.g., Viome, DayTwo) 
are commercializing personalized nutrition and supplement 
regimens. 

10.2 Microbiome-Based Biomarkers 
Microbiome analysis may offer non-invasive biomarkers for 
mental health diagnosis, disease progression, and treatment 
monitoring.
10.2.1 Diagnostic Biomarkers

• Elevated Proteobacteria and decreased Faec alibacteriumpra 
us nitzii linked to depression [4] 

• Increased Desulfovibrio and decreased Prevotella associated 
with Parkinson’s disease[5]

10.2.2 Prognostic and Treatment Monitoring 
• Fecal microbiota diversity and SCFA levels may serve 

as indicators of response to antidepressants or cognitive 
therapy[6]

10.3 Emerging Therapies and Technologies 
10.3.1 Precision Psychobiotics

• Custom-tailored psychobiotics based on microbial gene 
content (e.g., GABA or tryptophan metabolism capacity) are 
in development[7]

10.3.2 Next-Gen FMT
• Employing precisely formulated microbial consortia 

instead of donor-derived fecal material enhances both safety 
and consistency in treatment outcomes. 
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• The approval of live biotherapeutic products by the FDA, 
such as Rebyota, is setting a precedent for the development 
and regulation of microbiome-based medications.[8] 

10.3.3 Postbiotics and Metabolite Therapies 
Utilizing neuroactive compounds produced by microbes—such 
as short-chain
fatty acids (SCFAs) and indoles—as therapeutic agents, without 
the need to administer live microorganisms. [9]
10.3.4 CRISPR and Engineered Microbes 
In the Era of Personalized Microbiome Medicine, advanced 
technologies like CRISPR and engineered microbes are 
revolutionizing how we understand and manipulate the gut 
microbiome for individualized health care. CRISPR-Cas systems, 
originally discovered as a bacterial immune defense, allow for 
precise genetic editing of microorganisms. This technology can 
be used to modify specific gut bacteria to enhance their beneficial 
properties or to silence harmful genes, offering a powerful tool 
to correct dysbiosis at the genetic level. 
For example, CRISPR can be used to engineer microbes that 
produce therapeutic molecules such as neurotransmitters, anti-
inflammatory agents, or even insulin-like compounds, directly 
within the gut. These synthetic or engineered probiotics can 
be programmed to detect disease markers (like inflammation 
or infection) and respond in real time by releasing targeted 
treatments. 
This level of precision holds tremendous potential in personalized 
medicine, enabling clinicians to design tailored microbial 
therapies based on a patient’s unique microbiome profile and 
genetic background. Such strategies could be used in treating 
gastrointestinal disorders, metabolic conditions, or even mental 
health issues like depression and anxiety through the gut–brain 
axis. 
Ultimately, integrating CRISPR and engineered microbes into 
microbiome-based medicine promises to transform traditional 
treatment paradigms—shifting from symptom management to 
root-cause intervention, making healthcare more predictive, 
preventive, and personalized than ever before.[10]
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10.4 Challenges Ahead 
Despite promise, several hurdles remain: 
Despite the exciting potential of personalized microbiome 
medicine, several significant challenges must be addressed 
before it can become a routine part of clinical care. 
First, there is a lack of clear regulatory guidelines for the use 
of psychobiotics (probiotics that affect mental health) and 
microbiome-baseddiagnostics. This uncertainty makes it difficult 
to standardize treatments, gain approvals, and ensure safety 
across populations. Additionally, inter-individual variability 
poses a major challenge—each person’s microbiome is highly 
unique and influenced by genetics, lifestyle, environment, and 
diet. As a result, responses to microbiome-targeted therapies can 
vary widely, making it difficult to predict treatment outcomes. 
There are also growing ethical concerns, especially around the 
privacy of microbiome data and the implications of genetically 
modifying microbes used in therapy. Questions about data 
ownership, consent, and potential misuse remain unresolved. 
Finally, cost and access to personalized interventions, including 
microbiome sequencing, engineered probiotics, and advanced 
diagnostics, may limit widespread adoption, particularly in low-
resource settings. 
10.5 Vision for the Future 
Over the coming decade, mental health care is expected to 
evolve with the integration of microbiome science. Psychiatric 
evaluations may routinely include microbiome profiling to 
better understand individual risk factors. Treatment plans could 
involve personalized psychobiotic therapies tailored to each 
person’s unique gut microbiota and genetic makeup. Microbiota-
based strategies may be combined with traditional approaches 
such as medication, therapy, and lifestyle modifications for 
more comprehensive care. Additionally, early microbiome 
screening in children may help identify those at higher risk for 
mental health disorders, enabling preventive interventions and 
promoting resilience from a young age through targeted gut-
brain axis modulation. 
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The maternal gut microbiome is a group of microorganisms 
living in a mother’s gut during pregnancy and the postpartum 
period. It plays a crucial role in laying the foundation for fetal 
brain and infant mental health[1]. Recent studies are focusing 
on the association between the microbiome composition and 
maternal mental health [2]. 
11.1 Importance of Maternal Gut Microbiome 
Maternal gut biome plays a crucial role in the following: 

1.	 Maternal health: Gut biome influences the immune 
system development, metabolism, and overall well-being. 

2.	 Fetal development: Maternal gut biome has an influence 
on the configuration of the fetal microbiome and potentially 
impacts fetal development and health. 

3.	 Breastfeeding and infant health: Beneficial microbes are 
transmitted to the infant through breast milk.

11.2 Changes in gut biome during pregnancy and postpartum 
Gut biome changes during pregnancy and postpartum. It is 
marked by the following key changes in the gut microbiome: 

1.	 Marked abundance of certain bacteria (e.g., 
Bifidobacterium, Lactobacillus) 

2.	 Decreased diversity and stability in early pregnancy 
3.	 Alterations in the metabolic pathways and functions 

Various factors influence the changes in the biome during 
pregnancy and postpartum: 
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1.	 Dietary and lifestyle factors like stress and physical 
activity variations.

2.	 Hormonal fluctuations like increased estrogen and 
progesterone levels 

3.	 Changes in immune response to tolerate the fetus and 
avoid its rejection 

4.	 Shifts in microbiome composition after delivery
11.4 Modulation of the gut microbiome 
11.3 Role of maternal gut biome in maternal, fetal, and infant 
mental health 
During pregnancy, various factors like stress, poor diet, 
antibiotics, or other medications alter the gut microbiota. The 
gut microbes modulate stress hormones (cortisol), produce 
neurotransmitters (serotonin and dopamine), and reduce 
inflammation. The altered maternal gut microbiome may affect 
mental health during pregnancy as well as the postpartum period, 
resulting in depression, anxiety, and other mood disorders. 
While the maternal gut biome affects maternal mental health, 
it also influences fetal neurodevelopment [3]. The maternal gut 
biome helps in fetal thalamocortical axonogenesis, possibly by 
transmitting signals of microbially modulated metabolites to the 
neurons in the developing brain of the embryo. Research has 
further shown that the alpha diversity in the fecal microbiota of 
pregnant mothers during the third trimester is associated with 
the internalizing pattern of emotional and psychosocial distress 
in the child at the age of two years [4]. 
Studies have reflected an association between the maternal 
gut microbiome and maternal and infant mental outcomes. 
These provide enough basis to emphasize that gut microbiome 
modulation poses an appealing target for disease prevention. 
This has resulted in an increasing number of pre- and probiotic 
interventions aimed at the prevention of various pregnancy 
complications and the optimization of mental and infant health 
outcomes. 
Despite all research, many future longitudinal studies are needed 
to support the interventions further.
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Introduction 
The gastrointestinal (GI) tract is increasingly recognized as 
a central regulator of overall health, with the gut–brain axis 
serving as a bidirectional communication system between the 
enteric environment and the central nervous system (CNS). 
Disruption of intestinal barrier integrity, commonly termed leaky 
gut, has been implicated in the pathophysiology of psychiatric 
disorders such as depression, anxiety, and substance use relapse 
[1]. Emerging evidence indicates that chronic substance abuse—
ranging from alcohol and opioids to stimulants and nicotine—
significantly contributes to gut dysbiosis, intestinal permeability, 
and systemic inflammation, thereby exacerbating mental health 
disorders [2,3]. 
This chapter explores the mechanisms by which various 
substances of abuse contribute to leaky gut, highlights their role 
in altering gut microbiota and immune responses, and discusses 
implications for addiction and mental health management. 
Historical and Contextual Background 
The connection between substance abuse and gut health has 
long been under-recognized, with early addiction research 
focusing primarily on neurochemical pathways such as 
dopamine, serotonin, and opioid receptor systems. However, 
in the last two decades, a paradigm shift has occurred with the 
rise of microbiome science. Animal studies in the 2000s first 
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demonstrated that chronic alcohol consumption increased gut 
permeability and endotoxemia, leading to neuroinflammation 
and behavioral changes (1). By the 2010s, human studies 
confirmed that individuals with alcohol use disorder and opioid 
dependence had altered gut microbiota diversity compared to 
healthy controls (2,3).
Today, the gut–brain axis is considered a critical mediator of 
addiction vulnerability, withdrawal severity, and relapse risk. 
Research suggests that substance-induced gut barrier dysfunction 
and dysbiosis not only amplify systemic inflammation but 
also impair reward and stress pathways, thereby perpetuating 
addictive cycles (4). This evolving field highlights the gut as both 
a victim and a driver of substance use disorders. 
Mechanistic Link Between Substance Abuse and Leaky Gut 
1.	 Disruption of Intestinal Epithelial Barrier 

• Substances like alcohol and opioids increase intestinal 
permeability by disrupting tight junction proteins (occludin, 
claudins, and zonula occludens-1). 

• This leads to translocation of endotoxins 
(lipopolysaccharides, LPS) from Gram-negative bacteria into 
systemic circulation, triggering endotoxemia [4]. 

2. Microbiome Alterations
• Chronic drug use alters microbial diversity and abundance. 
• For example, alcohol decreases Lactobacillus and 

Bifidobacterium, while opioids increase pathogenic 
Proteobacteria [5]. 

3. Neuroinflammation via Gut–Brain Axis
• LPS and bacterial metabolites stimulate toll-like receptor 4 

(TLR4) pathways, leading to neuroinflammation, impaired 
neurogenesis, and altered reward pathways that sustain 
addiction [6]. 

4. Immune Activation
• Elevated pro-inflammatory cytokines (IL-6, TNF-α, IL-1β) 

due to gut leakiness are associated with depression, anxiety, 
and craving states [7]. 
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Microbiome Shifts in Substance Abuse 
Research consistently shows that different classes of substances 
uniquely alter gut microbial composition and function, leading 
to dysbiosis, leaky gut, and downstream neuropsychiatric effects.

1. Alcohol

•↓Bifidobacteria and Lactobacillus (protective species 
maintaining gut barrier integrity) 

•↑Proteobacteria and Enterobacteriaceae (pathogenic, 
associated with inflammation and endotoxin production)

• Leads to endotoxemia, systemic inflammation, and 
increased gut permeability 

2. Opioids
• Chronic use decreases Firmicutes and increases 

Proteobacteria, Enterococcus, and Staphylococcus species . 
• Causes reduced short-chain fatty acid (SCFA) production 

(especially butyrate), impairing mucosal healing.
• Leads to gut stasis, constipation, and microbial overgrowth. 

3. Cannabis
• Data is limited but emerging. Some studies show cannabis 

users have reduced Prevotella (linked to fiber metabolism) 
and altered Firmicutes/Bacteroidetes ratio. 

• Suggests cannabis may indirectly disrupt the gut barrier 
through dietary pattern shifts (users often consume more 
UPFs/snacks). 

4. Stimulants (Cocaine, Methamphetamine) 
• Methamphetamine increases Clostridium and decreases
• Cocaine exposure linked to gut inflammation and 

alterations in mucus-associated bacteria. 
• Both drugs elevate systemic LPS (lipopolysaccharides), 

contributing to neuroinflammation.
5. Nicotine/Tobacco

• Alters diversity: ↑ Bacteroides and ↓ Firmicutes 
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• Chronic smoking associated with gut inflammation and 
increased susceptibility to IBD. 

Substance GutImpact Mechanism of 
Gut Leakiness

Mental Health 
Implications

Alcohol

Gut dysbiosis, 
increased 

permeability, 
endotoxemia 

Disruption of 
tight junction 

proteins; 
acetaldehyde 

toxicity

Depression,anxiety, 
alcohol use relapse 

[8,9]

Opioids 
(morphine, heroin, 

prescriptionopioids)

Constipation, 
dysbiosis, 

impairedbarrier

Reduced mucus 
secretion, altered 
motility, TLR4 

activation

Mooddisorders, 
heightened

with draw alseverity 
[10]

Cocaine

Alters 
microbiota 

composition, 
increases 

inflammation

Oxidative stress, 
vascular changes 
in gut, cytokine 

release

Anxiety, 
cognitivedeficits, 

addiction
reinforcement [11]

Methamphetamine

Disrupts 
epithelial barrier,

microbial 
imbalance

Induces ROS 
(reactive oxygen 
species)→tight 
junction damage

Psychosis, 
memoryloss, 
heightened

relapserisk [12]

Cannabis

Mixed effects: 
some protective, 

chronic use 
linked to gut

dysbiosis

Modulation of 
endocannabinoid 

system; CB1/
CB2 imbalance

Anxiety, paranoia, 
altered cognition [13]

Nicotine/Tobacco
Gut dysbiosis, 

mucosal 
inflammation

Nicotine-driven 
oxidative stress; 

impaired 
epithelial repair

Depression, anxiety, 
craving enhancement 

[14]

Elaborated Mechanistic Insights 
• Alcohol: Ethanol metabolism produces acetaldehyde, 

which disrupts tight junction proteins and damages epithelial 
cells. Alcohol also increases gut permeability, allowing 
bacterial endotoxins to enter circulation, leading to systemic 
inflammation and neuroinflammation via TLR4 pathways [8]. 

• Opioids: Chronic opioid use alters gut motility and 
reduces mucus secretion, fostering dysbiosis and promoting 
the growth of harmful bacteria. Opioids also directly impair 
intestinal tight junctions and activate TLR4 receptors, fueling 
neuroinflammation and depressive symptoms [10].

• Cocaine: Cocaine increases reactive oxygen species 
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(ROS) and oxidative stress in intestinal epithelial cells. 
This compromises tight junction integrity and promotes 
inflammatory cytokine release. Additionally, cocaine alters 
mesenteric blood flow, which indirectly affects gut health 
[11]. 

• Methamphetamine: Induces oxidative stress, 
mitochondrial dysfunction, and epithelial damage, which 
collectively result in a compromised gut barrier. Animal 
studies suggest methamphetamine-driven dysbiosis is linked 
with increased anxiety-like and psychotic behaviors [12]. 

• Cannabis: The endocannabinoid system regulates 
intestinal barrier function. While some evidence suggests 
cannabinoids may reduce inflammation, chronic use is 
associated with dysbiosis and barrier impairment due to CB1 
receptor overactivation [13]. 

• Nicotine: Nicotine exposure alters microbiota composition 
and induces oxidative stress in the gut epithelium. Tobacco 
smoke contains toxicants that impair mucosal immunity, 
worsening inflammation and contributing to depressive and 
anxious states [14].

Clinical and Public Health Implications 
1.	 Substance Abuse Treatment should include 

consideration of gut health restoration through dietary 
strategies, probiotics, and microbiome-targeted therapies. 

2.	 Biomarkers of Leaky Gut (e.g., LPS, zonulin) may serve 
as adjunctive diagnostic tools in addiction psychiatry.

3.	 Preventive Strategies in public health must address both 
the psychological and gut physiological consequences of substance 
abuse.

Public Health Lens: Substance Abuse and Gut Health 
• Global Burden: 

o	 According to the UN Office on Drugs and Crime (2023), 
around 296 million people worldwide used drugs in the past 
year, with 39.5 million suffering from drug use disorders (15). 

o	 Alcohol use contributes to 3 million deaths annually, 
representing 5.3% of all global deaths (WHO, 2018) (16).
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• Indian Context: 
o	 The National Survey on Extent and Pattern of Substance 

Use in India (2019) reported that 14.6% of Indians aged 10–75 
are current alcohol users, with 2.8% dependent (17). 

o	 Opioid use prevalence: ~2.06% of the Indian population, 
one of the highest rates globally. 

o	 Tobacco use remains high, with over 28% of adults 
consuming tobacco in some form (NFHS-5, 2021) (18).

• Overlooked Gut Health Angle: 
o	 While the neurological and hepatic effects of substance 

abuse are widely studied, the gut remains underexplored. 
o	 Addiction treatment rarely considers gut dysbiosis, 

though it plays a role in craving, relapse, mood dysregulation, 
and neuroinflammation. 

o	 Addressing gut health (via diet, probiotics, microbiome 
restoration) could strengthen recovery pathways in substance 
use disorders.

Synthesis and Future Directions 
The growing body of evidence indicates that substance abuse 
exerts a profound influence on gut integrity and the gut–brain 
axis. Substances such as alcohol, opioids, nicotine, cocaine, and 
cannabis share a common pathogenic pathway—disruption of 
the intestinal barrier, gut microbial dysbiosis, and heightened 
systemic inflammation—that ultimately contributes to 
neuropsychiatric morbidity. Alcohol and opioids, in particular, 
markedly increase intestinal permeability by disrupting tight 
junction proteins such as occludin and claudins, leading to 
bacterial translocation and endotoxemia. Nicotine, cocaine, and 
cannabis, though differing in pharmacological targets, similarly 
alter gut microbial balance and immune signaling, thereby 
perpetuating inflammation and mood dysregulation. 
These disruptions create a bidirectional feedback loop: leaky 
gut amplifies systemic and neuroinflammation, which worsens 
craving, relapse vulnerability, and psychiatric disorders, while 
continued substance use further damages the gut barrier. 
Importantly, the leaky gut model bridges the traditionally 
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separate domains of addiction biology and gastrointestinal 
health, underscoring the need for integrative approaches in 
prevention and therapy. 
From a clinical and public health perspective, the implications 
are substantial. Recognition of gut health as a modifiable factor 
in substance abuse opens avenues for novel interventions such as 
microbiome-based therapies, gut barrier protectants, and dietary 
modulation as adjuncts to conventional addiction treatment. 
Early detection of gut permeability biomarkers may also provide 
predictive insight into relapse risk and psychiatric comorbidity. 
In summary, substance abuse is not confined to the brain alone 
but is intricately intertwined with gut physiology. Addressing 
the gut–brain axis represents a crucial step in moving toward 
holistic, systems-based models of addiction care and mental 
health promotion. Future research should focus on longitudinal 
human studies, culturally relevant interventions, and precision 
therapeutics that consider gut microbial diversity and host 
genetics. By doing so, the leaky gut framework can evolve from 
a mechanistic hypothesis to a cornerstone of addiction science 
and treatment. 
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Introduction 
The global dietary transition towards ultra-processed foods 
(UPFs), coupled with growing exposure to environmental 
pollutants such as per- and polyfluoroalkyl substances (PFAS), 
heavy metals, and microplastics, represents a dual burden 
on human health. These exposures converge on a common 
pathway—disruption of gut microbiome composition and 
intestinal barrier integrity. A compromised gut not only 
increases systemic inflammation but also directly affects the 
gut–brain axis, with profound implications for mental health 
disorders including depression, anxiety, and cognitive decline. 
Understanding these links is crucial to framing nutrition and 
environmental safety within a public health perspective.
13.1 Environmental Pollutants and Gut 
Integrity Per and Polyfluoroalkyl Substances (PFAS) 
PFAS, widely used in food packaging, nonstick cookware, 
and industrial products, are persistent organic pollutants with 
bioaccumulative potential. 

• Mechanism: PFAS alter bile acid metabolism, disrupt 
epithelial tight junction proteins, and modify gut microbiota, 
increasing intestinal permeability (7). 

• Health Link: PFAS exposure correlates with metabolic 
syndrome, immune dysregulation, and depression (8).
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Heavy Metals (Lead, Mercury, Cadmium, Arsenic) 
Heavy metals enter food chains via contaminated water, soil, 
and crops. 

• Mechanism: Metals generate oxidative stress and 
mitochondrial dysfunction in intestinal epithelial cells, 
damage tight junctions, and impair beneficial microbes (9).

• Health Link: Chronic exposure is associated with 
neurotoxicity, mood disturbances, and impaired cognitive 
function through gut-mediated systemic inflammation (10).

Microplastics 
Microplastics are now ubiquitous in food, water, and air. 

• Mechanism: They act as physical irritants to the gut 
lining, induce ROS (reactive oxygen species) production, 
and alter microbial balance. Additives such as bisphenols 
and phthalates leach into tissues, further impairing gut and 
endocrine health (11). 

• Health Link: Animal studies suggest microplastics 
impair memory and learning via microbiota disruption, with 
emerging evidence in humans pointing towards anxiety and 
depressive symptomatology (12).

13.2 Mechanisms of Gut Impact by UPFs and Environmental 
Pollutants 
1. Disruption of Tight Junctions 

o	 UPFs (emulsifiers, sugars) and pollutants (PFAS, heavy 
metals) damage tight junction proteins (occludin, claudins, ZO-
1), increasing paracellular permeability. 

2. Microbial Dysbiosis
o	 UPFs promote pathogenic microbial growth, while 

pollutants selectively kill commensals and reduce diversity. 
Dysbiosis leads to endotoxemia. 

3. Immune Activation and Inflammation
o	 Translocation of bacterial lipopolysaccharides (LPS) 

triggers systemic immune activation, releasing cytokines (IL-6, 
TNF-α) that influence brain function. 
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4. Oxidative Stress and Mitochondrial Dysfunction
o	 Heavy metals and microplastics induce ROS, damaging 

epithelial cells and altering microbiota metabolism. 
5. Neuroendocrine Disruption

o	 Reduced SCFAs and increased inflammatory mediators 
impair the vagus nerve signaling and hypothalamic–pituitary–
adrenal (HPA) axis regulation. 

13.3 Implications for Mental Health 
The convergence of UPFs and environmental pollutants leads 
to a “double-hit” model: weakened gut integrity from dietary 
patterns is exacerbated by pollutant exposure, intensifying 
inflammation and neurotoxicity. This synergy underlies rising 
trends in depression, anxiety, and neurodegenerative conditions 
in urban populations (13,14). 
13.4 Synthesis and Perspectives 
The combined burden of UPFs and environmental pollutants on 
gut integrity underscores a pressing need for multidisciplinary 
intervention. Nutritional reforms promoting minimally 
processed diets, regulatory policies limiting pollutant exposure, 
and innovative gut-targeted therapies (e.g., prebiotics, probiotics, 
postbiotics) represent promising strategies. Future research 
should focus on human longitudinal cohorts to establish causal 
links and design culturally tailored interventions in high-risk 
populations. Addressing gut health is no longer peripheral but 
central to preventing mental health disorders in an increasingly 
toxic and processed world.
13.5 Mechanistic Depth: How UPFs & Pollutants Disrupt Gut 
Health 
Modern diets high in ultra-processed foods (UPFs) and 
environmental exposures like PFAS, BPA, and microplastics act 
through multiple overlapping biological mechanisms. 

1. Intestinal Permeability (“Leaky Gut”)
• Emulsifiers (e.g., polysorbate-80, carboxymethylcellulose): 

strip away the mucus layer, allowing bacteria to directly 
contact epithelial cells, increasing tight junction breakdown 
(15) 
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• Artificial Sweeteners (e.g., saccharin, sucralose): impair 
expression of occludin and claudin, key proteins maintaining 
gut barrier integrity (16). 

• PFAS: disrupt epithelial barrier by altering lipid bilayer 
composition, increasing permeability to endotoxins (17). 

• BPA: directly binds estrogen receptors in gut epithelium, 
altering tight junction proteins (ZO-1, occludin) and 
facilitating leakiness (18). 

• Microplastics: physically abrade gut lining, causing micro-
lesions and permeability increases (19). 

2. Immune Activation & Systemic Inflammation
• Emulsifiers & UPFs: induce low-grade chronic 

inflammation by promoting bacterial translocation and LPS 
(endotoxin) entry into blood (20). 

• PFAS & BPA: act as endocrine disruptors, altering 
cytokine profiles (↑ TNF-α, IL-6, IL-1β) and impairing immune 
tolerance (21,21). 

• Microplastics: trigger innate immune activation via 
recognition as foreign particles, stimulating inflammasome 
pathways (23). 

3. Microbiota Diversity & Dysbiosis
• UPFs: low fiber, high refined sugars → ↓ 

Bifidobacteria&Lactobacillus, ↑ Firmicutes/Bacteroidetes 
ratio linked to obesity and inflammation (24). 

• Artificial Sweeteners: increase Proteobacteria 
(pathobionts) and reduce SCFA producers, impairing gut 
resilience (25). 

• PFAS & BPA: reduce alpha diversity, decrease beneficial 
SCFA-producing genera, and increase opportunistic 
pathogens (26). 

• Microplastics: alter gut microbial ecology in animal 
models, leading to reduced richness and overgrowth of 
inflammatory taxa (27). 
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4. Neuroinflammation & Gut–Brain Axis
• UPF-driven dysbiosis → ↓ SCFAs (esp. butyrate), 

impairing blood–brain barrier integrity and increasing 
neuroinflammation. 

• PFAS/BPA exposure → altered neurotransmitter 
metabolism and increased oxidative stress in the CNS( 28). 

• Microplastics shown in mice to translocate beyond gut 
→ detected in blood and brain tissue, triggering microglial 
activation 

Key Point: Despite acting through different molecular routes, 
UPFs and pollutants converge on gut permeability, immune 
dysregulation, microbial imbalance, and neuroinflammation, 
collectively fueling risk of mental health disorders.
13.6 Comparative Evidence: Traditional Diets vs UPF-Heavy 
Diets 
Traditional Diets (Mediterranean, Indian home-cooked, East 
Asian): 

o   High in whole grains, legumes, fermented foods, 
polyphenol-rich vegetables, and diverse fibers. 

o	 Promote SCFA production (butyrate, acetate, 
propionate), which strengthen gut barrier, regulate immune 
tolerance, and dampen neuroinflammation (29). 

o	 Fermented foods (e.g., curd, kimchi, idli, dosa) act as 
natural probiotics, increasing Lactobacillus and Bifidobacteria.

• Modern UPF-Heavy Diets (fast foods, packaged snacks, soft 
drinks): 

o	 High in refined sugars, emulsifiers, additives, low fiber, 
and exposed to plasticizers and PFAS from packaging. 

o	 Promote gut dysbiosis (loss of diversity, overgrowth 
of Proteobacteria), metabolic endotoxemia, and leaky gut 
syndrome (30). 

o	 Associated with higher rates of depression, anxiety, and 
cognitive decline compared to traditional diets in longitudinal 
studies (31). 
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Where traditional diets foster microbial diversity and gut 
resilience, UPF-heavy diets synergize with pollutant exposure 
to fuel gut inflammation and mental health vulnerability.

References 
1.	 Monteiro CA, Cannon G, Moubarac JC, Levy RB, Louzada 

MLC, Jaime PC. The UN Decade of Nutrition, the NOVA food 
classification and the trouble with ultra-processing. Public Health 
Nutr. 2018;21(1):5-17. 

2.	 Zinöcker MK, Lindseth IA. The Western diet–microbiome-
host interaction and its role in metabolic disease. Nutrients. 
2018;10(3):365.

3.	 Chassaing B, Koren O, Goodrich JK, Poole AC, Srinivasan 
S, Ley RE, Gewirtz AT. Dietary emulsifiers impact the mouse gut 
microbiota promoting colitis and metabolic syndrome. Nature. 
2015;519(7541):92-6. 

4.	 Suez J, Korem T, Zeevi D, Zilberman-Schapira G, Thaiss 
CA, Maza O, et al. Artificial sweeteners induce glucose intolerance 
by altering the gut microbiota. Nature. 2014;514(7521):181-6. 

5.	 DiNicolantonio JJ, Lucan SC, O’Keefe JH. The evidence 
for fructose harmfulness: A critical review. BMJ Open Heart. 
2017;4(2):e000617. 

6.	 Silva YP, Bernardi A, Frozza RL. The role of short-chain 
fatty acids from gut microbiota in gut–brain communication. Front 
Endocrinol. 2020;11:25. 

7.	 Blake BE, Fenton SE. Early life exposure to per- and 
polyfluoroalkyl substances (PFAS) and latent health outcomes: A 
review including the placenta as a target tissue and possible driver 
of developmental origins of health and disease. Hum Reprod 
Update. 2020;26(4):537-57. 

8.	 Sunderland EM, Hu XC, Dassuncao C, Tokranov AK, 
Wagner CC, Allen JG. A review of the pathways of human exposure 
to poly-and perfluoroalkyl substances (PFASs) and present 
understanding of health effects. J Expo Sci Environ Epidemiol. 
2019;29(2):131-47. 

9.	 Breton J, Massart S, Vandamme P, De Brandt E, Pot B, 
Foligné B. Ecotoxicology inside the gut: Impact of heavy metals on 
the mouse microbiome. BMC Pharmacol Toxicol. 2013;14:62. 

10.	 Sanders AP, Claus Henn B, Wright RO. Perinatal and 



The Gut-Brain Connection: How Your Microbiome Affects Mental Health|87

childhood exposure to cadmium, manganese, and metal mixtures 
and effects on cognition and behavior: A review of recent literature. 
Curr Environ Health Rep. 2015;2(3):284-94. 

11.	 Lu L, Luo T, Zhao Y, Cai C, Fu Z, Jin Y. Interaction between 
microplastics and microbiota: A consideration on environmental 
animal and human health. Sci Total Environ. 2019;667:94-100. 

12.	 Yong CQY, Valiyaveettil S, Tang BL. Toxicity of microplastics 
and nanoplastics in mammalian systems. Int J Environ Res Public 
Health. 2020;17(5):1509. 

13.	 Lane MM, Davis JA, Beattie S, Gómez-Donoso C, 
Loughman A, O’Neil A, et al. Ultraprocessed food and chronic 
noncommunicable diseases: A systematic review and meta-
analysis of 43 observational studies. Obes Rev. 2021;22(3):e13146.

14.	 Wu S, Ruan Q, Li B, Wang F, Lin W. The role of 
environmental pollutants in gut microbiota dysbiosis: A review. 
Ecotoxicol Environ Saf. 2022;239:113626. 

15.	 Chassaing B, et al. Dietary emulsifiers impact the mouse 
gut microbiota promoting colitis and metabolic syndrome. Nature. 
2015;519(7541):92–6. 

16.	 Suez J, et al. Artificial sweeteners induce glucose intolerance 
by altering the gut microbiota. Nature. 2014;514(7521):181–6. 

17.	 Xie G, et al. Exposure to PFAS induces intestinal barrier 
dysfunction in mice. Environ Pollut. 2022;306:119424. 

18.	 Liu Y, et al. Bisphenol A disrupts epithelial barrier 
integrity via estrogen receptor–mediated pathways. Toxicol Sci. 
2014;138(1):109–19. 

19.	 Jin Y, et al. Microplastics exposure induced intestinal barrier 
dysfunction and microbiota dysbiosis in mice. Sci Total Environ. 
2019;667:445–53. 

20.	 Chassaing B, Gewirtz AT. Gut microbiota, low-
grade inflammation, and metabolic syndrome. ToxicolPathol. 
2014;42(1):49–53. 

21.	 Grandjean P, et al. Immunotoxic effects of perfluorinated 
compounds. Environ Health Perspect. 2008;116(6):712–8. 

22.	 Rochester JR. Bisphenol A and human health: a review of 
the literature. ReprodToxicol. 2013;42:132–55. 

23.	 Li B, et al. Microplastics and nanoplastics: new 
contaminants in food and environment. TrAC Trends Analyt Chem. 
2020;125:115821. 



The Gut-Brain Connection: How Your Microbiome Affects Mental Health|88

24.	 De Filippis F, et al. High-level adherence to a Mediterranean 
diet beneficially impacts the gut microbiome. Gut. 2016;65(11):1812–
21. 

25.	 Zhou Z, et al. PFAS exposure alters gut microbiota 
composition and metabolism. Sci Total Environ. 2022;806:150468. 

26.	 Lu L, et al. Uptake and accumulation of polystyrene 
microplastics in zebrafish and its toxic effects. Environ Sci Technol. 
2016;50(7):4054–60. 

27.	 Grandjean P, Landrigan PJ. Neurobehavioural effects of 
developmental toxicity. Lancet Neurol. 2014;13(3):330–8. 

28.	 Prüst M, et al. Translocation of microplastics to brain tissue 
and neurotoxicity: experimental evidence. Toxicol Lett. 2020;319:1–
8.

29.	 Nagpal R, et al. Fermented foods, microbiota, and mental 
health: ancient practice meets modern science. Front Nutr. 2018;5:61. 

30.	 Monteiro CA, et al. Ultra-processed foods: what they are 
and how to identify them. Public Health Nutr. 2019;22(5):936–41. 

31.	 Adjibade M, et al. Ultra-processed food consumption 
and risk of depressive symptoms: longitudinal study. Nutrients. 
2019;11(8):1801.



The Gut-Brain Connection: How Your Microbiome Affects Mental Health|89

Chapter 14 

Sleep, Circadian Rhythms, and the Gut Microbiome — 
Interconnected Systems in Health and Disease
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Introduction 
Sleep and circadian rhythms coordinate a multitude of 
physiological processes, from metabolism to immune function. 
Meanwhile, the gut microbiome — the complex community 
of microorganisms inhabiting the gastrointestinal tract — has 
emerged as a major regulator of host health. Growing evidence 
indicates that these systems do not operate independently: rather, 
there is a tight, bidirectional interplay among sleep/circadian 
regulation, gut microbial rhythmicity, and host health outcomes. 
In this chapter, we synthesize current knowledge on how sleep 
and circadian rhythms influence gut microbiota oscillations, how 
disruptions (e.g., jet lag, shift work) may precipitate dysbiosis, 
and how such dysregulation may affect mental and physical 
health. 
This chapter synthesizes current evidence on the connections 
between sleep, circadian rhythms, and the microbiome, explains 
mechanisms linking circadian disruption to gut dysbiosis, 
and reviews the mental health consequences of microbiome–
circadian misalignment. Clinical and public health implications 
are discussed, as well as emerging interventions.
14.1 The Human Circadian System: An Overview 
Central and Peripheral Clocks 
The circadian system is governed by a central pacemaker located 
in the suprachiasmatic nucleus (SCN) of the hypothalamus. The 
SCN synchronizes peripheral clocks in nearly every tissue—
including the gastrointestinal tract, liver, pancreas, and immune 
cells—via hormonal cues, autonomic signals, feeding rhythms, 
and temperature cycles. 
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The molecular clock mechanism is based on transcription–
translation feedback loops involving the following gene families:

• CLOCK and BMAL1 (positive regulators) 
• PER1/2 and CRY1/2 (negative regulators) 
• Additional modulators such as REV-ERBα, RORα, and 
nuclear receptors

These core genes coordinate diurnal oscillations in metabolism, 
detoxification, immune responses, digestive enzyme secretion, 
and epithelial cell turnover.
14.2 Circadian Control of Gastrointestinal Physiology 
The GI system displays strong circadian patterns:

Physiological Feature Daytime Pattern Nig

Gastricemptying Faster Slower

Intestinalmotility Increased Decrease

pHvariability Moredynamic Stabilize

Mucussecretion Higher Lower

Epitheliumproliferation Peaksduringnight Declines

 
14.3 Microbiome Rhythmicity: Diurnal Oscillations in the Gut 
Ecosystem 
Microbial Rhythmic Patterns 
Gut bacteria are not static; many taxa exhibit predictable 
oscillations in abundance, gene expression, and metabolite 
production. Examples include:

• Proteobacteria increased during active phase 
• Firmicutes enriched during rest/fasting phase 
• Microbial functions (carbohydrate metabolism, DNA repair, 
protein synthesis) oscillate with the feeding cycle 
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Reitmeier et al. identified arrhythmic microbial signatures 
associated with increased risk of type 2 diabetes, highlighting 
the clinical relevance of microbiota rhythmicity (1).
14.4 Drivers of Microbial Oscillations 
Microbial rhythms depend on: 

• Feeding–fasting cycles (primary zeitgeber for the gut/
main synchronizing signal) 
• Host metabolic hormones (insulin, glucagon, GLP-1) 
• Epithelial turnover timed by circadian genes
• Bile acid secretion, which follows circadian patterns 
• Melatonin, present in the GI tract in higher concentrations 
than the pineal gland 

Circadian clock gene knockout models (e.g., Bmal1-null mice) 
lose microbial rhythmicity entirely (2).
14.5 Feedback: Microbes Influence Host Clock Genes 
Microbial metabolites—such as short-chain fatty acids 
(SCFAs), secondary bile acids, tryptophan metabolites, and 
neurotransmitter precursors—feed back to modulate: 

• Intestinal epithelial clock gene expression 
• Hepatic peripheral clocks 
• Energy regulation 
• Sleep pressure (e.g., via SCFAs influencing vagal pathways) 

Bidirectionality is central: the host sets the rhythm, and microbes 
fine-tune it.
14.6 Sleep as a Regulator of the Gut Microbiome 
Physiological Effects of Sleep on Gut Microbial Homeostasis 
Sleep ensures coherence among peripheral clocks. During 
consolidated sleep: 

• GI motility slows 
• Mucosal immunity synchronizes 
• Metabolic pathways shift to fasting state 
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• Intestinal barrier integrity is strengthened 
• Microbial communities enter predictable metabolic phases 

Studies show that even a single night of sleep restriction 
alters intestinal microbiota composition and increases pro-
inflammatory microbial species (3).
Sleep Fragmentation, Short Sleep, and Dysbiosis 
Short sleep (<6 hours) and fragmented sleep are associated with: 

• ↓ microbial diversity 
• ↑ Firmicutes/Bacteroidetes ratio
• ↑ inflammatory genera (Ruminococcus, Blautia) 
• Altered SCFA profiles 
• Increased gut permeability

Mechanistically: 
• Sleep loss activates the HPA axis → ↑ cortisol → changes in 
GI motility and immune regulation 
• Sympathetic overactivity alters nutrient absorption and 
epithelial turnover 
• Circadian misalignment disrupts feeding behavior, often 
leading to late-night eating 

These changes destabilize the microbial ecosystem.

Figure 1: Circadian–Microbiome–Brain Axis
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14.7 Circadian Disruption: Jet Lag, Shift Work, and the 
Microbiome 
Jet Lag and Social Jet Lag 
Jet lag rapidly shifts the central clock, while peripheral clocks 
(e.g., gut, liver) shift gradually. This leads to temporary 
desynchronization. 
Studies show: 

• A single 6-hour shift alters microbial functional profiles
• Loss of rhythmicity in carbohydrate and lipid metabolism 
genes 
• Transient increases in Proteobacteria, a marker of dysbiosis 
(4)

Even weekend “social jet lag”—a >2-hour discrepancy between 
weekday and weekend sleep—has been associated with altered 
microbial profiles in adolescents and adults. 
Shift Work: A Model of Chronic Circadian Misalignment 
Shift work exposes individuals to long-term circadian disruption 
due to: 

• Irregular sleep schedules 
• Nocturnal eating 
• Mismatched light exposure 
• Altered activity rhythms

A systematic review reported: 
• Decreased α-diversity 

• Higher abundance of Escherichia/Shigella, Blautia, Dialister
• Increased inflammatory metabolic pathways (5) 

14.8 GI and Metabolic Consequences in Shift Workers 
Long-term shift work is associated with: 

• IBS-like symptoms 
• GERD 
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• Functional dyspepsia 
• Metabolic syndrome 
• Increased cardiovascular risk 
• Non-alcoholic fatty liver disease 

Animal studies mirror these findings: chronic circadian 
disruption in mice leads to dysbiosis, visceral hypersensitivity, 
and altered metabolomic profiles consistent with IBS (6).
14.9 Mechanisms Linking Circadian Disruption to Dysbiosis 
Irregular Feeding Patterns and Chrononutrition 
Feeding time is the strongest synchronizer of the gut clock. 
Circadian misalignment (e.g., eating at night) causes:

•	 Loss of microbial rhythmicity 
•	 Increased endotoxin production (LPS) 
•	 Metabolic inflexibility 
•	 Increased adiposity 

Time-restricted feeding has been shown to restore microbial 
oscillations even when sleep patterns remain irregular.
Hormonal and Immune Disruption 
Circadian disruption alters secretion of: 

• Cortisol (disrupted diurnal curve) 
• Melatonin (delayed or blunted release) 
• Insulin and postprandial hormone rhythms 

These changes modify gut motility, mucus secretion, and barrier 
function. 

• Loss of Microbial Metabolite Rhythmicity 
• Metabolites such as: 
• SCFAs (butyrate, acetate)
• Secondary bile acids 
• Indoles 
• Serotonin precursors 
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display diurnal patterns. Loss of these rhythms contributes to: 
• impaired epigenetic regulation 
• metabolic syndrome 
• neurobehavioral changes

14.10 Mental Health Implications 
Circadian disruption is strongly linked to mood disorders, and 
recent evidence suggests the gut microbiome plays a mediating 
role. 
Microbiome–Gut–Brain Axis 
Key pathways include: 

• Vagal signaling 
• HPA axis modulation 
• Tryptophan–serotonin pathway
• Inflammatory cytokines 
• Neuroactive metabolites 

Disrupted microbial rhythms can reduce the production of 
metabolites essential for mood stabilization.

14.11 Depression, Anxiety, and Circadian/Microbiome 
Disturbance 

Studies show: 
• Social jet lag correlates with higher depressive symptoms 
• Shift workers have higher rates of anxiety, depression, and 
cognitive impairment 
• Microbial dysbiosis (e.g., low SCFA-producing bacteria) is 
associated with major depressive disorder 

Milota et al. proposed that circadian disruption combined with 
dysbiosis reduces resilience of stress pathways, increasing 
psychiatric vulnerability (7). 
14.12 Sleep Disorders and Microbiome Alterations 
Conditions such as insomnia, OSA, and circadian rhythm sleep–
wake disorders exhibit:
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• increased inflammatory microbial taxa 
• decreased SCFA-producing genera 
• altered tryptophan–kynurenine metabolism 

This suggests a bidirectional relationship between sleep 
disturbances and dysbiosis. 
14.13 Clinical and Public Health Relevance 
Implications for Healthcare Providers 
Clinicians should recognize that: 

• Sleep hygiene influences GI health 
• Night-shift healthcare workers face increased metabolic 
and GI risk 
• Gut-directed therapies may aid circadian disorders 
• Chrononutrition (meal timing) is relevant to metabolic 
management

Health Risks Associated With Circadian–Microbiome 
Disruption 

• Obesity 
• Type 2 diabetes 
• IBS 
• GERD 
• Depression and anxiety 
• Cardiovascular disease 

Vulnerable Populations 
• Shift workers (healthcare, aviation, hospitality, 
manufacturing) 
• Frequent travelers 
• Adolescents with irregular sleep 
• Individuals with mental health disorders
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14.14 Interventions: Restoring Circadian–Microbiome 
Harmony 
Chronotherapy 

• Light exposure therapy (morning light for phase 
advancement) 
• Melatonin supplementation (for jet lag and delayed sleep 
phase) 
• Regular sleep schedules 

Chronotherapy aligns central and peripheral clocks. 
Chrononutrition 
Key evidence-based principles: 

• Consistent meal timing 
• Avoiding late-night eating 
• Time-restricted feeding (8–12 h window) 
• High-fiber diets supporting rhythmic SCFA production 

Microbiome-Targeted Therapies 
• Probiotics (e.g., Bifidobacterium, Lactobacillus)
• Prebiotics (inulin, resistant starch) 
• Polyphenol-rich diets (berries, tea, cocoa) 
• Fecal microbiota transplantation (emerging, experimental) 

Behavioral and Lifestyle Interventions 
• Sleep hygiene education 
• Strategic napping for shift workers 
• Minimizing rotating shift schedules 
• Structured exercise (also has circadian effects) 

Challenges and Future Directions 
Research Gaps 

• Human trials remain limited; many are cross-sectional 
• Differences in sequencing methods complicate comparison
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• Inter-individual variability in microbial responses 
• Need for long-term interventional studies 

Emerging Research Areas 
• Personalized chrononutrition based on microbiome 
profiling 
• Microbiome-derived psychobiotics 
• Use of metabolomics to track circadian health 
• Artificial intelligence for circadian risk prediction 

The Future of Circadian–Microbiome Medicine 
Possible future clinical tools: 

• Microbial rhythmicity tests 
• Circadian-metabolite-based sleep therapeutics 
• Workplace policies to reduce chronodisruption

Conclusion 
Sleep, circadian rhythms, and the gut microbiome represent a 
deeply integrated triad essential for maintaining metabolic, 
gastrointestinal, immunologic, and neurobehavioral health. 
Disruptions such as jet lag and shift work can destabilize this 
network, leading to gut dysbiosis, systemic inflammation, 
altered neuroendocrine balance, and increased susceptibility to 
metabolic and mental health disorders. 
Understanding these interactions offers new avenues for 
prevention and treatment—including chronotherapy, 
chrononutrition, and targeted microbiome interventions. As 
modern society continues to challenge natural circadian rhythms, 
incorporating circadian–microbiome concepts into clinical 
practice and public health strategies is increasingly essential. 
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Introduction 
Sex differences in the human microbiome are increasingly 
recognized and reflect the influence of sex hormones on microbial 
composition and function. These interactions, termed the 
“microgenderome,” affect metabolism, immunity, and disease 
risk across life stages. Hormonal transitions — puberty, PCOS, 
and menopause — significantly shape the microbiome, while the 
microbiome modulates sex hormone availability, particularly 
estrogens. 
15.1 Hormonal Transitions and the Microbiome 
Puberty: 

• Gonadal steroid surges during puberty create sexual 
dimorphism in gut microbiota. 
• Females show enrichment of pathways for carbohydrate 
and lipid metabolism; males exhibit distinct microbial 
patterns influenced by testosterone. 
• Animal studies confirm sex hormones causally shape 
microbiota. [1,2] 

PCOS: 
• Hyperandrogenism in PCOS is linked to gut dysbiosis, 
including reduced Lactobacilli and Bifidobacteria, altered 
Prevotellaceae abundance, and decreased α‑diversity.
• Dysbiosis may contribute to insulin resistance, inflammation, 
and hormonal imbalances. [3,4] 
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Menopause: 
• Decline in ovarian hormones leads to reduced microbial 
diversity and altered Firmicutes/Bacteroidetes ratio. 
• These changes can impair the estrobolome, affecting 
estrogen reabsorption and contributing to metabolic and 
systemic disease risk. [5,6] 

Estrogen–Microbiome Interaction 
• Gut microbes express enzymes (β‑glucuronidase, 
hydroxysteroid dehydrogenases) that deconjugate estrogens, 
enabling enterohepatic recycling. 
• Microbiome composition influences circulating estrogen 
levels, while estrogens shape microbial diversity and 
abundance. 
• Dysbiosis may impair estrogen metabolism, potentially 
affecting bone, metabolic, and cardiovascular health. [7,8] 

Clinical Implications 
• Sex hormone–microbiome interactions contribute to 
metabolic, reproductive, and systemic disease risk. 
• Understanding these dynamics can inform interventions in 
PCOS, menopause, and other hormone-related conditions. 

• Microbiome-targeted therapies (probiotics, diet, 
prebiotics) hold potential but require further study. [2,4,7]

Here’s a concise reference table summarizing key hormones, 
life stages, and microbiome effects:

L i f e S t a g e / 
Condition

Key Hormone s Microbiome Changes Notes / Clinical 
Implication
s

Pre-puberty Lowsex steroids Similarmicrobiome 
between sexes

Baseline microbial 
c o m p o s i t i o n 
before hormonal
influence

Puberty ↑ E s t r o g e n 
(females),
↑
T e s t o s t e r o 
ne(males)

Sexualdimorphism 
emerges; females:
↑carbohydrate/lipid 
metabolism pathways; 
males: distinct 
microbial
composition

Hormones drive 
gut microbiome 
differences that 
may influence 
metabolism



The Gut-Brain Connection: How Your Microbiome Affects Mental Health|102

PCOS ↑
Androgens
, altered 
estrogen

↓ Lactobacilli, 
Bifidobacteria; altered
Prevotel laceae;↓α-
diversity

Dysbiosis may 
contribute to 
insulin resistance, 
inflammatio n, 
and hormonal
imbalance

Reproductiv Cyclic Fluctuating Microbiome

e-age women estrogen & 
progestero ne

microbiome diversity 
with menstrualcycle; 
enriched estrobolome 

function

can metabolize 
estrogens, modulating 

systemic hormone
levels

Pregnancy

↑
Estrogen,

↑
Progester one

↑Proteobacteria& 
Actinobacteria; ↓ 
diversity in late 

pregnancy

Microbiome supports 
metabolic adaptation 

and immune
tolerance

Perimenopa use / 
Menopause

↓
Estrogen,

↓
Progester one

↓ Diversity; ↑ 
Firmicutes/Bacteroi 
detes ratio; altered 

estrobolome

May 
contributetometabolic 

syndrome, bone 
loss, and systemic 

inflammatio
n

Postmenopa use Lowsex steroids
Persistentlyaltered 

microbiome; impaired 
estrogen metabolism

Increased risk for 
metabolic, cardiovascu 
lar, and bone-related

disorders

Notes:
• “Estrobolome” refers to gut microbial genes capable of 
metabolizing estrogens. 
• Microbiome–hormone interactions are bidirectional: 
hormones shape microbiota, microbiota modulate hormone 
availability. 
• Clinical relevance: dysbiosis at these stages may contribute 
to disease risk and could be targeted via diet, probiotics, or 
other interventions. 
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Conclusion 
Hormonal transitions across life stages drive sex-specific 
microbiome changes, while the microbiome reciprocally 
regulates sex hormone availability. The bidirectional interplay 
between hormones and microbes underlies health and disease 
susceptibility in a sex-dependent manner, highlighting the 
microgenderome as a promising focus for personalized medicine. 
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Introduction 
Childhood and adolescence are critical periods during which 
the gut microbiome-and subsequently the gut–brain axis-
undergo significant maturation. Early microbial colonization 
interacts with immune ontogeny, synaptic refinement, metabolic 
programming, and HPA-axis calibration [1,2] Perturbations such 
as antibiotics, infections, and malnutrition can disrupt microbial 
diversity and influence long-term emotional regulation and 
cognitive development [3]. 
16.1 Early-Life Microbiome Development 
Colonization Milestones: 
The initial microbiome is shaped immediately at birth. 

•	 Mode of delivery: Vaginal births promote Lactobacillus, 
Bifidobacterium, Bacteroides colonization, while cesarean 
births delay diversification and higher colonization by 
skin-associated bacteria, which may influence immune 
programming [4,5]. 
•	 Feeding: Breastfeeding supports Bifidobacteria through 
human milk oligosaccharides (HMOs), which promotes 
immune programming and mucosal barrier maturation. 
[6]. Formula feeding leads to faster diversification but may 
increase pathobionts. 
•	 Antibiotic exposure: Maternal or neonatal antibiotics 
disrupt colonization patterns and may predispose to metabolic 
and immune dysregulation [7]. 
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Immune System Training 
•	 Early microbial signals regulate immune tolerance, T-cell 
differentiation, and gut-barrier stability [8]. 
•	 SCFAs-acetate, propionate, butyrate-play central roles in 
anti-inflammatory signaling and microglial maturation [9]. 
•	 Dysbiosis in infancy is linked to allergic disease, altered 
neuroinflammatory tone, and behavioral vulnerabilities [10]. 

16.2 Adolescence: A Second Window of Microbiome Plasticity 
Adolescence introduces a second major shift driven by hormones, 
diet, and psychosocial stress. 
Hormonal Transition 
Sex steroids modulate gut permeability, immune function, 
and microbial composition, while microbes influence steroid 
metabolism and enterohepatic cycling [11]. These interactions 
contribute to emerging sex-specific patterns of stress reactivity 
and mood. 
Dietary Shifts 
Adolescent eating patterns like high sugar, processed foods, 
low fiber, reduce microbial diversity and SCFAs and increase 
inflammation, contributing to emotional instability and 
decreased attention [12]. 
Stress, Sleep, and Lifestyle
Academic load, screen exposure, and reduced physical activity 
alter circadian–microbial rhythms and elevate cortisol, disturbing 
microbial balance [13]. These factors collectively affect mood, 
cognition, and stress resilience. 
16.3 Microbiome and Neurodevelopmental / Psychiatric 
Disorders 
Autism Spectrum Disorder (ASD) 
Children with ASD frequently show reduced Bifidobacterium 
and increased Clostridium [14]. Dysbiosis may contribute to 
SCFA imbalance, GI dysmotility, altered neuroinflammation 
and synaptic signaling [15]. Although causal pathways remain 
under investigation, gut alterations may exacerbate ASD-related 
sensory and behavioral symptoms. 
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Attention-Deficit/Hyperactivity Disorder (ADHD) 
Altered microbiota may influence dopamine precursor 
metabolism and inflammatory signaling. Reduced alpha diversity 
in ADHD children suggests possible microbial contributions to 
attention regulation and impulse control [16]. 
Adolescent Mood Disorders 
Adolescence is a high-risk period for anxiety and major depression. 
Dysbiosis is associated with reduced SCFA production and 
increased neuroinflammation [17], altered tryptophan–serotonin 
metabolism [18], increased intestinal permeability and cytokine 
activation These pathways may influence emotional regulation 
and stress sensitivity.
16.4 Indian Context: Diet, Environment, and Developmental 
Microbiome Signatures 
Microbiome development in Indian children and adolescents 
is uniquely shaped by nutritional deficits, recurrent infections, 
traditional dietary patterns, and high antibiotic exposure, 
creating trajectories distinct from Western populations. 

1.        Malnutrition and Microbial Immaturity 
Childhood malnutrition in India is associated with reduced 
microbial diversity and an immature microbiome, marked 
by lower Bifidobacterium and Lactobacillus and higher 
enteropathogens [19]. This compromises immunity and 
neurodevelopment. 
2.  Iron-Deficiency Anaemia: Iron-deficiency anaemia 
alters SCFA profiles, promotes inflammation, and favours 
Enterobacteriaceae expansion, while reducing beneficial 
SCFA-producing taxa [20]. These disruptions can affect 
cognitive and stress pathways. 
3.         Recurrent Diarrheal Infections 
Frequent diarrhoeal episodes cause microbiome instability, 
repeated loss of beneficial species, and delayed maturation, 
contributing to growth faltering and impaired gut–brain axis 
functioning [21]. 
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4.         Indian Dietary Patterns 
Millet- and legume-rich diets, polyphenol-containing spices 
(e.g., turmeric, cumin), and fermented foods (curd, buttermilk, 
idli/dosa batter) increase Lactobacillus, Bifidobacterium, 
and SCFA-producing taxa [22]. These components support 
microbial richness during adolescence. 
5.        High Antibiotic Use 
India’s high antibiotic consumption leads to repeated 
microbial “resets”, reduced diversity, and prolonged 
commensal recovery, elevating long-term risks of dysbiosis-
related disorders [23]. 

16.5 Mechanistic Pathways 
•	 Neurotransmitter Modulation 
Gut microbes shape serotonin, dopamine, and GABA 
metabolism [24]. Microbial metabolites act via vagal, 
endocrine, and paracrine pathways, influencing emotional 
and cognitive outcomes. 
•	 Immune–Neuroendocrine Crosstalk 
Dysbiosis increases inflammatory cytokines (IL-6, TNF-α), 
modulating microglial activity and HPA-axis sensitivity 
[25]. These mechanisms affect fear, reward, and executive 
networks. 
•	 Epigenetic Programming 
SCFAs influence histone acetylation and DNA methylation, 
shaping neural plasticity during periods of high epigenetic 
responsiveness [26]. 

16.6 Interventions and Preventive Strategies 
•	 Diet-Based Approaches 
High-fiber foods, fruits, vegetables, legumes, and fermented 
foods such as yogurt, kefir, idli/dosa, and pickles support 
microbial resilience [27, 28]. Mediterranean-style patterns are 
associated with better mood and microbial diversity. 
•	 Probiotics and Prebiotics 
Select probiotic strains (Lactobacillus rhamnosus, Bifidobacterium 
longum) may improve emotional regulation and stress 
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recovery [29]. Prebiotics such as GOS and inulin reduce 
cortisol responses and modulate emotional processing [30]. 
•	 Lifestyle Interventions 
Exercise increases microbial diversity and reduces 
inflammation [31]. Adequate sleep and stress management 
maintain circadian–microbial balance. 
•	 School-Based Strategies 
Nutrition education, healthier cafeteria policies, physical 
activity periods, and balanced hygiene practices can promote 
microbiome-friendly environments [32]. 

Conclusion 
Childhood and adolescence are dynamic periods when the 
gut microbiome and developing brain influence each other 
through metabolic, immune, and neuroendocrine pathways. 
Early microbial disruptions can increase vulnerability to 
neurodevelopmental and psychiatric conditions, whereas diet, 
lifestyle, and supportive environments can enhance resilience 
and healthy development.
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