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Consider this: humans have never existed without a
symbiotic relationship with microbes. And the brain has never
been without signals from the gut and its resident microbes.

These powerful statements underscore the importance of
the connections and interactions between our gastrointestinal
(GI) system, the microorganisms that reside there, and our
brain and central nervous system (CNS). Understanding how
microbes in the gut influence brain health and cognitive
function is one of the most exciting areas of research in
neuroscience and biological psychiatry today.

Much of this research is focused on the gut-brain axis—
an intricate series of neural pathways that carry signals
between the enteric nervous system (ENS) of the GI tract and
the CNS.? This dynamic and bidirectional communication
network facilitates a complex coordination of neural,
hormonal, and immunological interactions that influence
various physiological processes beyond digestive function.

The gut-brain axis plays an important role in regulating
mood, metabolism, and immune function and may even
influence higher cognitive functions such as memory,
learning, and decision-making. Emerging evidence also
suggests that disturbances in gut-brain communication may
contribute to the pathogenesis of a wide range of neurological
and psychological disorders, including depression, anxiety,
dementia, and irritable bowel syndrome (IBS).

As we dive deeper into an examination of the gut-brain
axis, we'll cover the mechanisms underlying this intricate

connection and explore its implications for health and
disease.

Neural pathways of the gut-brain axis: understanding the
communication network

The gut-brain axis’s network of neural pathways connects
the CNS, the neuroendocrine and neuroimmune systems,
the sympathetic and parasympathetic components of the
autonomic nervous system, the ENS, and the gut microbiome,
coordinating a complex interplay between gut function and
brain activity.?

The vagus nerve, the longest cranial nerve that extends
from the brainstem to the abdomen, is a major pathway for
neural communication along the gut-brain axis. Originating in
the medulla, it innervates structures in the neck, thorax, and
abdomen.* The vagus nerve is involved in critical aspects of
human physiology, including heart rate, blood pressure,
sweating, digestion, and even speaking.® It also plays a crucial
role in regulating gut motility, secretion, and blood flow
through its efferent fibers. Motor signals originating in the
brain travel down the vagus nerve to the ENS, modulating GI
function and coordinating digestive processes. Sensory
(afferent) neurons in the gut mucosa detect conditions such as
nutrient availability, gut motility, and microbial metabolites.
These neurons transmit these sensory signals to the brainstem,
providing the brain with real-time information about gut
function and microbial activity. Thus, the vagus nerve is a vital
pathway that serves as a direct link between the gut and the
brain, conveying sensory information from the gut to the brain
and transmitting motor signals from the brain to the gut.®

The ENS, consisting of millions of neurons and glial cells
organized into interconnected ganglia embedded within the gut
wall, supports communication along the vagus nerve. Because it
can autonomously control GI tissue dynamics and gut
homeostasis without input from the brain or spinal cord, the
ENS is sometimes referred to as the “second brain” The vast
network of ENS neurons—comprising sensory and motor
neuronsandinterneurons—regulates gut functionindependently
of the CNS. This independence relies on local reflexes that
control gut motility, secretion, and blood flow in response to
stimuli within the GI tract. These reflexes allow for rapid and
coordinated responses to changes in luminal contents, ensuring
efficient digestion and absorption of nutrients.®
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While the ENS operates autonomously, it communicates
with the CNS via the vagus nerve and other neural pathways.
This bidirectional communication enables the brain to
modulate gut function in response to emotional and cognitive
cues like stress and arousal.

Neurotransmitters and neuromodulators: mediators of
gut-brain communication

The chemical messengers that communicate throughout
the gut-brain axis comprise an array of neurotransmitters
and neuromodulators that affect synaptic firing and neuronal
activity. Studies of these neurotransmitters have mainly
revolved around their role in the “fight or flight” response,
transmitting signals across a chemical synapse and
modulating blood flow throughout the body. However, these
compounds can also affect gut motility, nutrient absorption,
the GI innate immune system, and the microbiome.’

Serotonin, sometimes called the “happy hormone,” is
mainly synthesized by serotonergic neurons in the raphe
nuclei within the CNS. Abnormal expression and function of
serotonin in the brain are associated with the pathogenesis of
mental health disorders, including depressive and anxiety
disorders." Interestingly, approximately 90% of serotonin is
synthesized peripherally, mainly by enterochromaffin cells in
the intestinal epithelium. There, it regulates gut motility,
secretion, and sensation and further acts as a signaling
molecule that modulates mood, appetite, and social
behavior—highlighting its dual role in gut-brain
communication.'>'?

Gamma-aminobutyric acid (GABA) and glutamate,
which are (respectively) the primary inhibitory and excitatory
neurotransmitters in the CNS, also play a role in the gut-
brain axis. GABAergic and glutamatergic neurons within the
ENS modulate gut motility and sensory processing,
contributing to the regulation of GI function.”

Neuropeptides, such as substance P, vasoactive intestinal
peptide, and calcitonin gene-related peptide, are released by
enteric neurons and sensory fibers in the gut in response to
various stimuli, contributing to neuroimmune interactions,
which play an important role in homeostasis in the gut.'*
These neuropeptides act as signaling molecules that mediate
pain perception, vasodilation, and immune modulation,
influencing gut-brain communication.

Disruption of neural pathways in the gut-brain axis has
been implicated in the pathogenesis of various GI and
neurological disorders, including IBS, inflammatory bowel
disease (IBD), and mood disorders.'* Altered neural signaling
contributes to the development of functional GI disorders,
such as IBS, and is characterized by abdominal pain, bloating,
and altered bowel habits. These symptoms are the result of
visceral hypersensitivity, abnormal gut motility, and altered
pain processing.

Inflammation originating in the gut can also impact
neural pathways in the gut-brain axis, aggravating symptoms
in patients with IBD. This gut-derived inflammation can
activate neuroinflammation, which can contribute to the

increased visceral pain, fatigue, and mood disturbances
commonly reported by individuals with Crohn’s disease or
ulcerative colitis. Indeed, dysregulation of this axis in patients
with IBD has long been associated with mental health
conditions such as stress, anxiety, and depression. In some
clinical studies, stress, anxiety, and depression have been
considered triggers of IBD relapse and clinical deterioration.'®

Alterations  in  neurotransmitter  signaling,
neuroinflammation, and stress-response pathways in the gut-
brain axis have been implicated in the pathophysiology of
anxiety and depression, as well as Alzheimer disease,
dementia, Parkinson disease, autism spectrum disorder, and
schizophrenia, highlighting the interconnectedness of gut
health and mental well-being.

The gut microbiota—the collection of microorganisms
residing in the GI tract—also produces neuroactive
metabolites, such as neurotransmitters or their precursors,
which can affect the concentrations of either in the brain.
This suggests that the neurotransmitter synthesis pathway in
the intestine might directly or indirectly affect the brain’s
neuronal activity and cognitive functions."”

Hormone signaling and gut peptides in the gut-brain axis

Recent research on the central role of hormone signaling
and gut peptides in the gut-brain axis has provided insight
into the intricate communication between the GI system and
the CNS. Gut hormones, produced in response to nutrient-
related signals and feeding behavior, are secreted by
enteroendocrine cells (EECs) and have a wide range of
targets, including the CNS." Most gut hormones mainly
regulate appetite and food intake. However, they can also
regulate other physiological processes, such as inflammation,
which is linked to brain disorders including anxiety and
depression.'

Interestingly, the GI tract and, more specifically, EECs
are impacted by the gut microbiota, whose diversity and
composition greatly influence a variety of gut hormones and
peptides, such as ghrelin, peptide YY, glucagon-like peptide
1 (GLP-1), cholecystokinin (CCK), and neurotensin, hereafter
discussed in more detail.”’

Ghrelin: the hunger hormone. One of the key hormones
involved in appetite regulation is ghrelin, often called the
“hunger hormone” Ghrelin is primarily synthesized and
secreted by the stomach when it is empty, signaling hunger
and stimulating appetite. Ghrelin concentration rises before
meals and decreases after food intake, reflecting the body’s
energy status and regulating meal initiation. The current
scientific understanding is that ghrelin could be a key
signaling molecule governing the communication between
the GI tract and the CNS.'

Peptide YY and GLP-1: satiety signaling. Peptide YY and
GLP-1 are gut-derived peptides that signal meal-ending satiation
and inhibit appetite. EECs release peptide YY and GLP-1 in the
distal small intestine and colon in response to nutrient intake;
particularly to fat and protein in the case of peptide YY. GLP-1
secretion from EECs stimulates insulin secretion and suppresses
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glucagon release to regulate blood glucose concentration.'®
GLP-1 receptor agonists have been at the forefront of recent
research and medical intervention, having shown promise for
weight management and glycemic control in individuals with
obesity and patients with type 2 diabetes.

CCK: meal-related signaling. CCK is a gut peptide
secreted by EECs in the duodenum and jejunum in response
to nutrients—particularly fat and protein. CCK stimulates
pancreatic enzyme secretion and gallbladder contraction,
produces meal-ending satiation, inhibits gastric emptying,
and modulates intestinal motility.” CCK receptors are
expressed in the brain, where they modulate appetite and
food intake. CCK concentration correlates positively with
increased anxiety-like behaviors in both humans and mice,
and CCK modulates mood disorders through other
neurotransmitters, including glutamate, dopamine,
acetylcholine, and GABA, all of which play important roles
in emotional behaviors.'

Neurotensin: role in stress response. Neurotensin is a
neuropeptide produced by EECs in the small intestine and
colon in response to luminal nutrients and stress. Neurotensin
stimulates the growth of intestinal mucosa under basal
conditions and during periods of nutrient deprivation,*
inhibits gastric acid secretion and motility, stimulates
pancreatic and intestinal secretions, decreases adipose tissue
blood flow, and increases small intestinal blood flow.”
Dysregulation of neurotensin signaling has been implicated
in the pathophysiology of several CNS disorders, such as
schizophrenia, drug abuse, Parkinson disease, eating
disorders, and cancer, as well as in CNS functions such as
inflammation, pain, and central control of blood pressure.”

Dysregulation of hormone signaling and gut peptides.
Dysregulation of hormone signaling and gut peptides in the
gut-brain axis has been implicated in the pathogenesis of
various GI and metabolic disorders, including obesity, diabetes,
and eating disorders. Consequently, targeting gut hormones
and peptides represents a promising approach for developing
novel therapeutic interventions aimed at improving GI
function, restoring metabolic homeostasis, supporting brain
and cognitive function, and promoting health.

The role of gut microbes: exploring the microbiota-gut-
brain axis

A revolution in medical research and health care is the
growing understanding and awareness of how gut microbes
influence systems outside of their immediate influence on the
GI tract, including brain function and behavior. This
blossoming field of study highlights the intricate relationship
between the gut microbiota and the CNS.

The gut microbiota comprisestrillionsof microorganisms,
including bacteria, viruses, fungi, parasites, and archaea, that
inhabit the GI tract. Known collectively as the microbiome,
these microorganisms have coevolved as integral to human
physiology. Various factors, including diet, genetics,
environment, and lifestyle, influence the composition of the
gut microbiota.

Bacteria are the predominant members of the gut
microbiota, with hundreds of different species present in the
human gut. The dominant gut microbial phyla are Bacillota
(formerly Firmicutes), Bacteroidota (formerly Bacteroidetes),
Actinomycetota (formerly Actinobacteria), Pseudomonadota
(formerly  Proteobacteria),”  Fusobacteriota, and
Verrucomicrobiota, with Bacillota and Bacteroidota
representing 90% of gut microbiota.”

Beyond taxonomic composition, the functional potential
of the gut microbiota is shaped by the metabolic activities
and gene expression profiles of its constituent microorganisms.
The gut microbiome encodes over 3 million genes, producing
thousands of metabolites, whereas the human genome
consists of approximately 20000 protein-coding genes.”® This
vast array of metabolites can be broadly divided into 3 types:
(1) metabolites produced by gut microbiota directly from
nutrient intake, such as short-chain fatty acids (SCFAs) and
indole derivatives; (2) metabolites generated by the host and
modified by gut microbiota, such as secondary bile acids; and
(3) metabolites produced de novo, such as polysaccharide A.
All these metabolites can influence host physiology, including
gut and brain function.?”

Gut microbes produce and metabolize hormones and
neuropeptides, such as ghrelin and leptin, which regulate
appetite, metabolism, and mood.”*® Microbial metabolites,
such as SCFAs and bile acids, can also act as signaling
molecules that modulate hormone secretion and energy
homeostasis. SCFAs are generated by the fermentation by the
gut microbiota of nonhost-digestible dietary fibers, with
more than 95% of SCFAs derived from gut microbes being
made up of acetate, propionate, and butyrate.” SCFAs are
perhaps the most extensively studied molecules related to the
influence of gut microbiota on host energy metabolism and
appetite. However, they are also involved in
immunomodulation and the regulation of regulatory T cells
and exert crucial physiological effects on several organs,
including the brain.*

Dysbiosis, or an imbalance in gut microbial composition,
can lead to immune dysregulation and neuroinflammation,
contributing to the pathogenesis of neurological and
psychiatric disorders. Emerging evidence suggests that
alterations in the gut microbiota may contribute to the
development and progression of neurological disorders, such
as Alzheimer disease, Parkinson disease, and multiple
sclerosis. Furthermore, the gut microbiota has been
implicated in the pathophysiology of psychiatric disorders,
including depression, anxiety, and autism spectrum disorder.
In addition to its effects on the brain, dysbiosis of the gut
microbiota is associated with various GI conditions, such as
IBD, IBS, and gastroesophageal reflux disease.

Therapeutic potential: harnessing the power of the
microbiota

Microbiota-based therapiesinclude dietaryinterventions,
probiotics, prebiotics, antibiotics, phage therapy, fecal
microbiota transplant, live biotherapeutics, and microbiome
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mimetics. Each aims to modify the microbiota to treat
disease and improve overall health.*!

Probiotics are live microorganisms that confer health
benefits when consumed in adequate amounts, while
prebiotics are dietary fibers that selectively stimulate the
growth of beneficial bacteria in the gut. Both probiotics and
prebiotics modulate the composition and function of the gut
microbiota and may have beneficial effects on mood and
cognition, as well as GI function.

Diet plays a crucial role in shaping the gut microbiota,
with certain foods promoting the growth of beneficial
bacteria and others contributing to dysbiosis. The
Mediterranean diet, rich in fruits, vegetables, whole grains,
and fermented foods, has been associated with a more
diverse and resilient gut microbiota and may confer protective
effects against neurological and psychiatric disorders.*
Advances in microbiome science have led to the development
of novel microbial-based therapeutics, such as next-
generation probiotics, synbiotics (prebiotics and probiotics
in combination), and microbial-derived metabolites, or
postbiotics. These interventions hold promise for modulating
gut microbial composition and activity to improve GI
function and, by extension, brain health—mitigating the risk
of neurological and psychiatric disorders.

CONCLUSION

In summary, the gut microbiota, composed of trillions of
microorganisms residing in the GI tract, plays a profound
role in influencing host physiology. Dysbiosis, or imbalance
in gut microbial composition, can lead to immune
dysregulation, neuroinflammation, and the development of
neurological and psychiatric disorders.

Overall, a deeper understanding of the gut-brain
connection and the role of the gut microbiota in modulating
brain function opens up new avenues for therapeutic
interventions, such as dietary interventions, aimed at
improving both GI health and mental well-being. By harnessing
the power of the microbiota-gut-brain axis, we may be able to
develop novel strategies for preventing and treating a wide
range of neurological and psychiatric disorders, ultimately
improving overall health and quality of life.
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