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1. INTRODUCTION

Serotonin is a crucial neuromodulator that affects the
gastrointestinal tract and central nervous system. It is also
very important for the gut-brain axis to communicate with
each other in both directions. It is historically known as a
neurotransmitter primarily responsible for vascular and
neuronal regulation. Studies have shown that the gut
produces the majority of the body's serotonin.
underscoring its significant peripheral roles beyond
traditional synaptic signaling. Recent advancements in
microbiome research have clarified the influence of gut
microbes on serotonin production, metabolism, and
signaling, thereby linking microbial composition to
neurological, metabolic, and immunological effects. These
results offer a novel framework for comprehending the
pathophysiology of neuropsychiatric and gastrointestinal
disorders, many of which are characterized by

115


mailto:esra.aslan@gibtu.edu.tr

disturbances in serotonergic pathways and microbial
equilibrium. Nonetheless, the mechanistic pathways
linking serotonergic signaling to microbial activity are
only partially elucidated, and the translational
implications of these interactions are continually
developing. This section establishes the conceptual
framework for comprehending the integration of
serotonergic pathways with microbial and physiological
processes in the modulation of gut-brain communication.

1.1.Definition and Historical Development of The
Brain-Gut Axis

The gut-brain axis comprises a bidirectional
communication network linking the central nervous
system, the enteric nervous system, and the gut
microbiota (Bercik, Collins and Verdu, 2012). Rather than
a single pathway, it represents an integrated multisystem
interface involving neural, endocrine, metabolic, and
immune signaling (Cryan and O’Mahony, 2011; McOrist et
al, 2011; Forsythe, Kunze and Bienenstock, 2012; Mayer
et al, 2014; Dovrolis et al., 2019). Although the idea has
its origins in the observations of 18th- and 19th-century
physicians regarding the interplay between the
gastrointestinal system and the neurological system,
contemporary scientific comprehension developed with
the delineation of the enteric nervous system and its
neurotransmitters in the mid-20th century (Whytt, 1765;
Alexander, 1934; Haigh, 1975; Miller, 2018).

The contemporary scientific focus on this axis has
emerged from recognizing the enteric nervous system as
a distinct neural network with reflexive control
capabilities, leading to its designation as the "second
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brain." (Gershon, 1999). With the expansion of
microbiome science in the early 21st century, the classical
gut-brain axis evolved into the “microbiota-gut-brain
axis,” reflecting evidence that gut microorganisms
influence neural development, stress reactivity, immune
modulation, and neurotransmitter metabolism (Cryan
and O’Mahony, 2011; Huttenhower et al, 2012). The
development of this framework has positioned biogenic
amines—particularly serotonin—as central mediators of
gut-brain signaling, linking intestinal physiology with
central neural processes.

1.2. Physiological Importance of Microbiota-Gut-
Brain Communication

Two key neuroanatomical routes are responsible for
the communication between the gut and the brain. One is
the direct exchange of information between the gut and
the brain via the autonomic nervous system and the vagus
nerve; the other is the two-way transmission between the
enteric nervous system in the gastrointestinal tract and
the autonomic nervous system, including components of
the spinal cord and vagus nerve (Wang and Wang, 2016).
Bacteria that live in the intestines are capable of
producing 5-HT, dopamine, butyric acid, gamma amino
acids and short-chain fatty acids (Lyte, 2014). Many of the
essential neurotransmitters that act on our body,
including 5 HT, which has a particular effect on the brain,
are produced by the intestinal microbiota (Dinan, Stanton
and Cryan, 2013; Yoo and Mazmanian, 2017).

Although the full mechanisms are not yet understood,
current evidence supports a bidirectional interaction
among autonomic, neuroendocrine, and immune
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pathways. The gut microbiota contributes to this network
and may influence several psychiatric conditions,
including anxiety and mood disorders (Bravo et al,, 2011;
Rieder etal, 2017). Another possible mechanism of action
that may regulate the effects of the gut microbiota is the
organization of transporters such as serotonin, melatonin,
histamine, and acetylcholine in the intestines (Heijtz et al,
2011).

Certain gut microorganisms directly affect serotonin
synthesis. Serotonin is a neurotransmitter that is
important for basic brain functioning and regulating GI
function (Glinii¢ and Sendemir, 2022). A lack of serotonin
in the central nervous system can lead to depression, lack
of interest, and anxiety, and it is thought to be a major
factor in regulating a depressed mood (Goralczyk-
Binkowska, Szmajda-Krygier and Koztowska, 2022).

Because cognition, emotion, and behavior are closely
linked to serotonergic pathways, disruptions in the
intestinal microbiota may contribute to disorders
involving these processes.

2. BIOCHEMICAL BASIS OF THE SEROTONIN
SYSTEM

Serotonin, also referred to as 5-hydroxytryptamine (5-
HT), is a monoamine neurotransmitter primarily
produced in the brainstem raphe nuclei through the
enzymatic action of tryptophan hydroxylase 2 (TPH2)
(Hartsock and Spencer, 2020) . Serotonin was first
discovered in the 1930s as a substance that affects
vascular tone. In 1935, Vittorio Erspamer named a
substance he obtained from the intestinal mucosa of
mammals "enteramine" and demonstrated that this
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substance stimulated smooth muscle contractions
(Erspamer, 1940). In 1948, Maurice Rapport and his team
identified a compound with a vasoconstrictor effect in
human serum and named it "serotonin” (serum + tone)
(RAPPORT, GREEN and PAGE, 1948). Chemical analyses in
the early 1950s revealed that serotonin and enteramine
were chemically identical and led to the identification of
this compound as 5-hydroxytryptamine (5-HT) (Rapport,
Green and Page, 1948; Erspamer and Asero, 1952). In
1953, Twarog and Page discovered that serotonin is
present in the mammalian brain and acts as a
neurotransmitter (Twarog and Page, 1953). Since then,
advances in 5HT and 5HT receptors have expanded,
resulting in a local hormone in the small intestine now
occupying a prominent position as a neurotransmitter in
the mammalian brain.

Serotonin, which is synthesized in many animal and
plant species other than humans, is a biogenic monoamine
and is produced in two stages. Tryptophan hydroxylase
hydroxylates the essential amino acid tryptophan,
resulting in the formation of 5-hydroxytryptophan (5-
HTP). In the subsequent stage, 5-HTP undergoes
decarboxylation to yield 5-HT (Clark, Weissbach and
Udenfriend, 1954). Tryptophan hydroxylase, an enzyme
thought to be the rate-limiting factor in serotonin
synthesis, is required for the hydroxylation process, while
aromatic-L-amino acid decarboxylase is required for the
decarboxylation reaction. Tryptophan hydroxylase is
mostly located in the raphe nuclei of the brain and the
enterochromaffin cells of the intestinal mucosa; these
cells are responsible for synthesising serotonin
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(Mohammad-Zadeh, Moses and Gwaltney-Brant, 2008).
Serotonin plays a role in neurotransmission in the
nervous system, including processes such as pain, sleep,
mood changes, and memory regulation (Lv and Liu, 2017).
Tryptophan hydroxylase is regarded as the rate-limiting
enzyme in serotonin formation, despite the necessity of
both enzymes for this process (Tong and Kaufman, 1975)
because of the enzyme's low affinity for other amino acids
and its distribution being limited to serotonin-containing
tissues (Noguchi, Nishino and Kido, 1973). Tryptophan
crosses the blood-brain barrier via large neutral amino
acid transporters (LAT1) (Nelson, Cox and Hoskins,
2021). In the brain, serotonergic neurons primarily use
this amino acid for 5-HT synthesis. Tryptophan also
participates in nicotinamide adenine dinucleotide (NAD")
synthesis via the kynurenine pathway; however, 5-HT
production is the predominant pathway in serotonergic
neurons (Voet, Voet and Pratt, 2016). Pyridoxine (vitamin
B6) and tetrahydrobiopterin (BH4) are the enzyme
cofactors for the two steps that are required to make
serotonin. Tryptophan hydroxylase requires the cofactor
tetrahydrobiopterin, whose recycling is contingent upon
folic acid (vitamin B9) metabolism (Fanet et al,
2020). Aromatic-L-amino acid decarboxylase
necessitates pyridoxal 5'-phosphate (PLP), a pyridoxine
derivative, as a coenzyme. The synthesis of serotonin is
biologically dependent on BH4 and vitamin B6 (Cellini et
al,, 2020). Serotonin is also a melatonin precursor, an
important sleep regiilator (Lee, Hille and Koh, 2021).

Two different tryptophan hydroxylase genes are
present in humans and other mammals. TPH1 is
predominantly expressed in peripheral tissues that
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produce serotonin, such as the skin, gut, and pineal gland,
while also being present in the central nervous system.
Conversely, TPH2 is exclusively located in neuronal cells
and represents the predominant isoform in the central
nervous system (Walther and Bader, 2003).
Abnormalities in TPHZ2 gene expression may be associated
with some psychiatric disorders (e.g., depression, anxiety)
(Elhwuegi, 2004).

Serotonin receptors comprise a category of G protein-
coupled receptors and ligand-gated ion channels located
in various tissues, including both the central and
peripheral nervous systems. At least 14 receptors have
been identified, including 7 different 5-HT receptors and
their subtypes (5-HT1A, 1B, 1D, 1E, 1F, 24, 2B, 2C, 3, 4, 54,
5B, 6, and 7) (Nichols and Nichols, 2008). All serotonin
receptors, with the exception of 5-HT3, are classified as G-
protein-coupled receptors (GPCRs). 5-HT3 functions as a
ligand-gated ion channel that allows the passage of
sodium, potassium, and calcium ions.

5-HT,: family (A, B, D, E, and F): binds to inhibitory G
proteins  (Gi/o), which inhibit the adenylyl
cyclase/protein kinase A (PKA) signaling cascade. Inhibits
adenylyl cyclase and promotes synaptic inhibition.

5-HT. family (A, B, C): binds to the Gq protein,
stimulating the phospholipase C (PLC)/protein kinase C
(PKC) signaling cascade and enhancing intracellular
calcium signaling. Increases neuronal excitability.

5-HTs receptors (A, B, C) are ligand-gated ion
channels and are unique among serotonin receptors. They
provide rapid neurotransmission.
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5-HT., 5-HTs, 5-HT> receptors increase adenylate
cyclase activity by binding to the stimulatory Gs protein,
increasing intracellular cAMP levels.

5-HT5 (A and B) receptors; signaling is less clear; binds
to Gi/Go protein, inhibits adenylyl cyclase (Raymond et
al, 2001; Bockaert et al., 2006). 5-HT1A, 5-HT2A, and 5-
HT3 subtypes of serotonin receptors are hypothesized to
have a role in the pathophysiology of major depression.
These receptors are found in the hippocampus and the
prefrontal cortex, two regions of the brain that are
involved in the regulation of mood (Bétry et al, 2011;
Chilmonczyk et al., 2015; Nirogi et al., 2023; Parajulee &
Kim, 2023;Roth, 1994; Weisstaub et al., 2006).

Serotonin activity is governed by the rates of synthesis,
release, and metabolism, and is predominantly located
intracellularly. Once synthesized, serotonin is actively
transported by vesicular transporters into synaptic
vesicles, where it is stored in presynaptic complexes
similar to those that store catecholamines (Ascenzi, Myers
and Buccilli, 2024). Within these vesicles, a serotonin
binding protein (SBP) is present. It is a unique molecule
that binds to serotonin with high affinity in the presence
of Fe+2. The SBP-serotonin complex is secreted via a
calcium-dependent process (Hensler and Frazer, 1999).
Nerve cells' depolarization allows it to enter the synaptic
cleft, site(s) on the presynaptic or postsynaptic
membrane where it binds to G-protein coupled receptors
(GPCRs). The serotonin transporter (SERT) brings
serotonin back into the cell. SERT is a sodium/chloride-
dependent transporter protein located in the presynaptic
membrane that reuptakes serotonin from the synaptic
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cleft (Murphy and Lesch, 2008). Because SERT activity
determines synaptic serotonin levels, its dysfunction is
strongly linked to depression. Selective serotonin
reuptake inhibitors (SSRIs) augment serotonergic
transmission by inhibiting the serotonin transporter
(SERT) (Blakely and Edwards, 2012; Baudry et al., 2019).
SERT function is regulated by phosphorylation and
intracellular signaling pathways, including protein kinase
C and cyclic AMP-dependent mechanisms. Genetic
polymorphisms, such as 5-HTTLPR in SLC6A4, affect SERT
expression and serotonin reuptake efficiency, which may
lead to interindividual differences in stress sensitivity and
risk of mood disorders (Murphy and Lesch, 2008).
Serotonin is metabolized into its principal metabolite, 5-
hydroxyindoleacetic acid (5-HIAA), through the action of
the enzyme monoamine oxidase-A (MAO-A) (Naoij,
Maruyama and Shamoto-Nagai, 2018). MAO is a common
enzyme that exists as MAO-A and MAO-B in two principal
forms. Serotonin is mostly deactivated by monoamine
oxidase A (MAO-A). MAO-B metabolism is a modest
component of serotonin metabolism and is the
predominant form of MAO in human platelets (Sandler,
Reveley and Glover, 1981). The liver and lungs break
down peripheral serotonin (Mohammad-Zadeh, Moses
and Gwaltney-Brant, 2008).

2.1. General Neurophysiological Roles of Serotonin

Serotonin is made and stored in presynaptic neurons
in the central nervous system. Examples of these neurons
include serotonergic neurons, pineal gland and
catecholaminergic  neurons (Dahlstrom, 1964).
Serotonin's functions in the CNS are extensive and relate

123



to the serotoninergic system's influence on the forebrain,
brainstem, and cerebellum. Neuronal outputs originating
from the rostral nuclei of this system contribute to the
regulation of temperature, appetite, sleep, vomiting, and
sexual behavior, while neuronal outputs originating from
the caudal nuclei are effective in the regulation of
nociception and motor tone (Mohammad-Zadeh, Moses
and Gwaltney-Brant, 2008).

Even while central serotonin processes are important
and varied, the brain is not the main place where
serotonin is stored. The brain has a comparatively little
amount of serotonin (Erspamer, 1966). Approximately
95% of the body's serotonin is located in the intestine. A
subtype of enteroendocrine cells known as
enterochromaffin (EC) cells are responsible for the
production of serotonin in the intestine ( Erspamer, 1954)
and myenteric plexus serotoninergic neurons (Gershon,
Drakontides and Ross, 1965; Gershon, 2004). EC cells
possess one variant of the rate-limiting enzyme in
serotonin production, tryptophan hydroxylase-1 (TPH-1),
while enteric and central serotonergic neurons express a
distinct gene product, TPH-2 (Cété et al,
2003). Enterochromaffin cells generate and release
significantly greater quantities of serotonin compared to
central or peripheral serotonergic neurons. Serotonin
released by enterochromaffin cells is absorbed and
concentrated by platelets, which are the primary source of
serotonin in the bloodstream; platelets lack tryptophan
hydroxylase and hence cannot synthesize serotonin
independently (Gershon and Tack, 2007).
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Besides its function as a neurotransmitter in the
central nervous system, serotonin possesses additional
roles. Central Nervous System: Serotonin is recognized for
its impact on mood, but it is also involved in the processes
of memory, central respiratory drive, stress, cerebral
vascular tone, pain perception, anger, fear, appetite,
sexual pleasure, addiction and sleep (Berger, Gray and
Roth, 2009). It has been shown that serotonin influences
numerous physiological systems, such as several
behavioral processes, such as adhering to a circadian
rhythm, hunger, sleep-wake cycles, aggression, sensory-
motor response, pain sensitivity, sexual behavior,, and
learning; and the regulation of the circulatory system,
breathing, and temperature (Lucki, 1998).

Serotonin has a wide range of effects on many
peripheral organ systems outside of the CNS. Serotonin
can stimulate ciliary body muscle fibers in the eye,
resulting in pupil dilation and elevated intraocular
pressure. The cardiovascular system has positive
inotropic and chronotropic effects by elevating
intracellular calcium levels in cardiac myocytes,
potentially inducing tachyarrhythmias (Neumann et al,
2023). Serotonin is sequestered in platelet granules and
contributes to platelet aggregation. In intact endothelium,
serotonin may cause vasodilation; in damaged
endothelium, it may cause vasoconstriction (Halperin and
Reber, 2007). In the lung, serotonin has effects on the
central respiratory drive, raises the resistance of the
pulmonary vasculature, and might lead to pulmonary
vasculature remodeling (Berger, Gray and Roth, 2009). In
the gastrointestinal system, it enhances the emptying of
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the stomach, the motility and the secretion of the
intestines, and general colon tone (Berger, Gray and Roth,
2009; Yabut et al, 2019). Endocrine effects; Serotonin
promotes glucose absorption in muscle, modulates
secretion from the pancreas, enhances the release of
insulin. In adipose tissue, it stimulates lipogenesis (Yabut
et al, 2019). In the genitourinary system, it regulates
urination, penile detumescence, oocyte maturation,
uterine muscular tone, vasoconstriction, and uterine
contractions (Berger, Gray and Roth, 2009). As seen, these
findings reveal that there is a significant function for
serotonin both in maintaining homeostatic balance and in
neurophysiological processes. These findings highlight
serotonin's function as a multifaceted signaling molecule
that orchestrates systemic physiology and connects
central neural mechanisms with peripheral homeostatic
regulation.

3. GASTROINTESTINAL SYSTEM AND PERIPHERAL
SEROTONIN

3.1. Serotonin Synthesis in Gastrointestinal System

Gastrointestinal motility and secretion are controlled
and coordinated by the autonomic nervous system (ANS),
which includes elements specific to the intestinal wall that
make up the ENS and extrinsic elements that connect the
intestinal wall to the CNS (Grundy, 2008). The
gastrointestinal tract is the source of 90-95 percent of the
serotonin that found in the peripheral blood of humans
(Erspamer and Testini, 1959; Bertaccini, 1960). It is
estimated that around 90% of the 5-HT found in the
intestine is composed of EC cells, while only about 10% is
found in enteric neurons (Kim and Camilleri, 2000;
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Jonnakuty and Gragnoli, 2008; Khan and Ghia, 2010). EC
cells are neuroendocrine cells located in the intestinal
mucosa and express the TPH1 isoform, which synthesizes
5-hydroxytryptophan  (5-HTP) and subsequently
serotonin from L-tryptophan (Walther and Bader, 2003).
Serotonin is a chemical that plays a significant role in
enteric signaling and is known to play an important role
in sensory-motor and secretory functions in the intestine
(Banskota, Ghia and Khan, 2019). EC cells secrete
serotonin, which then travels to the bloodstream, the
tissue that surrounds it, and the lumen of the digestive
tract, where it plays a part in a variety of processes
(Jonnakuty and Gragnoli, 2008) . Following its release,
serotonin is delivered to the epithelial cells that are
located in the surrounding area via the SERT and broken
down into 5-HIAA. SERT also assists in the uptake of
serotonin by circulating platelets (Banskota, Ghia and
Khan, 2019). Serotonin can act on a number of G-protein
coupled receptors, as well as on ligand-gated channels
known as 5-HT3 receptors (Derkach, Surprenant and
North, 1989). Many of these different receptor subtypes
are widely distributed in the intestinal wall. Among the
seven 5-HT receptor (5-HTR) families identified so far,
five (5-HTR 1, 5-HTR 2, 5-HTR 3, 5-HTR 4, and 5-HTR 7)
have been reported to be present in the intestine (Shajib
and Khan, 2015). However, in the context of sensory
signaling, most attention has focused on 5-HT4 and 5-HT3
receptors (Grundy, 2008). While 5-HTs receptors function
in the transmission of fast stimulatory signals, 5-HTa
receptors facilitate muscle contractions by increasing the
release of acetylcholine (Spiller, 2008). Serotonin also
affects secretory epithelial cells in the intestinal mucosa;
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activation of 5-HT:B and 5-HT. receptors regulates
intestinal transit time by increasing chloride and water
secretion (Mawe and Hoffman, 2013). There is a
significant role for these systems in the pathophysiology
of functional gastrointestinal diseases including irritable
bowel syndrome (IBS).

3.2. Gut Microbiota and Serotonin

A comprehensive collection of microorganisms and
their genomes in the intestinal environment is referred to
as the gut microbiome, which is considered a critical node
in the brain-gut axis (Rhee, Pothoulakis and Mayer, 2009;
Cryan and O’Mahony, 2011). The gut microbiota
influences serotonin synthesis through both direct and
indirect pathways. Prior experimental studies have
indicated that many metabolites derived from the
tryptophan metabolism of bacteria have been shown to
play a role in the regulation of health (Roager and Licht,
2018). Moreover, numerous studies have demonstrated
that certain bacteria, like Enterococcus and Pseudomonas,
may synthesize serotonin, a crucial neurotransmitter, in
settings abundant in tryptophan Intestinal
microorganisms have been shown to metabolize the
important amino acid tryptophan, serving as a precursor
for the manufacture of indole, serotonin, and melatonin,
hence restricting the availability of tryptophan to the host
(O’'Mahony et al., 2015; Martin et al, 2018). Bacterial
metabolism of tryptophan via the kynurenine pathway or
indole  derivatives  also  influences  serotonin
bioavailability (Agus, Planchais and Sokol, 2018).
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4. SEROTONERGIC COMMUNICATION BETWEEN
THE CENTRAL NERVOUS SYSTEM AND THE ENTERIC
NERVOUS SYSTEM

Bidirectional communication between the gut and the
brain is maintained through metabolic, endocrine, neural
and immune mechanisms. This connection involves the
vagus nerve, the HPA axis, bacterial metabolite
production, immune mediators, and enteroendocrine
signaling (Alli et al, 2022; Borkent et al.,, 2022). The HPA
axis largely regulates the immune system by altering
cytokine release. Conversely, neural regulation
predominantly transpires via impulse transmission
within the autonomic nervous system, encompassing the
vagus nerve, afferent fibers, and ENS (Goéralczyk-
Binkowska, Szmajda-Krygier and Koztowska, 2022).
Cortisol is pivotal in the endocrine processes governing
the gut-brain axis, since it modulates immune system cells
through the regulation of cytokine release impacting the
HPA axis, while also significantly affecting the
functionality and differentiation of the gut microbiota
(Foster, Baker and Dursun, 2021).

The vagus nerve is a crucial component of the
bidirectional communication between the CNS and the
ENS. Serotonin secreted by intestinal EC cells activates 5-
HT3 receptors (5-HT3R) on the vagus nerve's afferent
fibers and plays a role in transmitting gastrointestinal
signals to the brain (Hillsley, Kirkup and Grundy, 1998).
This pathway is very important for controlling things like
how the intestines move, how full you feel, the nausea
reflex, and the stress response. This pathway is vital for
controlling the autonomic system, moving food through
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the intestines, and the immune system. It also helps
transmit the effects of molecules that come from the
intestines to the central nervous system (Shin and Kim,
2021). Experimental studies have shown that
interrupting the transmission of the serotonergic signal
via the vagus nerve disrupts homeostatic responses in the
brain-gut axis (Bonaz, Bazin and Pellissier, 2018; Breit et
al,2018).

An imbalance in the microbiota (dysbiosis) has been
linked to decreased serotonergic activity and
gastrointestinal disorders. This interaction creates a
feedback loop: The microbiota stimulates serotonin
synthesis in EC cells. Serotonin influences microbial
metabolism and composition Recent studies has
elucidated the involvement of gut microbiota in the
regulation of serotonin synthesis (Barandouzi et al,, 2022;
Everett, Tran and Prindle, 2022). Intestinal bacteria
generate metabolites, including short-chain fatty acids
(SCFAs), which have been demonstrated to enhance the
expression of TPH1, the rate-limiting enzyme in serotonin
production (Martin et al, 2018). Short-chain fatty acids
(SCFAs) additionally modulate vagal activity and
serotonin transporter (SERT) expression, hence
reinforcing the microbiota-gut-brain axis (Jadhav et al,
2022). This interaction forms the biochemical basis of the
concept of the brain-gut-microbiota axis (Martin et al,
2017).
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5. THE ROLE OF SEROTONIN IN
NEUROPSYCHIATRIC AND GASTROINTESTINAL
DISORDERS

5.1. The Relationship Between Depression, Anxiety
and Irritable Bowel Syndrome (IBS)

There is increasing interest in the influence of gut
microbiota and associated immunological mechanisms on
the onset and progression of some psychiatric disorders.
A modification in the microbiota-gut-brain axis, which
establishes a communication framework between the
central nervous system (CNS) and the gastrointestinal
system, has been recognized as a potential contributor to
some psychiatric disorders (Marano et al, 2023). This is
potentially associated with pro-inflammatory states
resulting from intestinal dysbiosis and microbial
instability in or within the body (El Aidy etal., 2015; Wang
& Wang, 2016; Zhu et al, 2017). Many studies have
reported that microbiota changes have a role in
psychiatric disorders, including major depressive
disorder (Naseribafrouei et al, 2014), schizophrenia
(Koztowska et al, 2021), bipolar disorder (Dai et al,
2022), autism spectrum disorder (de Angelis et al., 2015)
and  attention  deficit  hyperactivity = disorder
(Boonchooduang et al., 2020).

Recent research has established a clear link between
gut dysbiosis and the onset of anxiety or depressive
behaviors (Jiang et al, 2015; Zhang et al.,, 2020; Karen,
Shyu and Rajan, 2021). Dysbiosis of the gut microbiota has
been linked to core behavioral symptoms, such as
anhedonia and social isolation, in teenage depression
through gut-brain axis mechanisms. The regulation of the
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gut microbiome has been found to be a promising
complement to behavioral therapies, such as cognitive
behavioral therapy (Liu et al.,, 2025).

5.2. Effects of SSRI and SNRI Drugs on The Brain-
Gut Axis

Selective serotonin reuptake inhibitors (SSRIs) and
serotonin noradrenaline reuptake inhibitors (SNRIs),
traditionally employed for the treatment of depression
and anxiety, have lately acquired significance in the
control of the gut-brain axis. These drugs not only
increase serotonergic transmission in the CNS but may
also indirectly affect serotonin levels, intestinal motility,
and intestinal microbiota in the gastrointestinal tract.
Antidepressants can modify the quantity and diversity of
the gut microbiota, which is directly associated with the
efficacy of depression treatment. The gut microbiota can
modify the bioavailability of antidepressants by
influencing their metabolism and regulating their
absorption through alterations in intestinal permeability.
The gut microbiota can modify the permeability of the
blood-brain  barrier, facilitating the access of
antidepressants to the central nervous system (Xu et al,
2023).

6. EXPERIMENTAL AND CLINICAL FINDINGS

6.1. Results of Serotonin Modulation in Animal
Model Studies

The potential role of visceral hypersensitivity due to
microbiota dysbiosis was investigated in a mouse model
of post-infectious IBS (PI-IBS), and microbiota alteration
was associated with increased 5-HT levels and increased
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visceral sensory sensitivity (Cheng et al, 2022). In rats on
a high-fat diet, the diversity of intestinal microbiota
decreased, while the expression of serotonergic genes
(tph2, htrla, slc6a4) increased in the dorsal raphe
nucleus, and this was associated with anxiety-like
behaviors (de Noronha et al, 2024). These studies
demonstrate experimental support for a signaling chain
that begins with the gut microbiota and extends to
serotonergic brain functions.

6.2. Comparison of Peripheral and Central
Serotonin Levels in Human Studies

There is increasing data comparing peripheral (e.g.,
plasma or intestinal mucosa) and central (e.g., brain
imaging serotonin receptor binding) serotonergic levels
in human studies.

Decreased gut microbiota diversity has been found in
adolescents with depression and improved after
sertraline treatment. In the same study, transplantation of
fecal microbiota from healthy adolescent volunteers into
adolescent depressed mice induced by chronic restraint
stress resulted in increased 5-HT levels in the brain and
intestine and decreased kynurenine metabolites (Zhou et
al., 2023). In another study, significant relationships were
found between plasma serotonin and indole metabolites
and microbiota composition, indicating that peripheral
serotonin levels may be linked to psychiatric symptoms
(depression, impulsivity) (Vadaq et al, 2022). Plasma
tryptophan levels in patients with depression have been
associated with microbiota and metabolomic profiles, but
direct measurements of central (brain) serotonin
receptor or binding levels are limited (Ciocan et al., 2021).
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In general, studies that look at changes in microbiota
give indirect evidence of the serotonin system, but there
aren't many central serotonergic measurements. There
are still not many large-scale studies that directly link
central serotonergic activity to peripheral serotonin
levels. Consequently, additional clinical investigations are
required to elucidate the relationship between the
peripheral and central serotonergic systems.

6.3. Microbiota Manipulation and Serotonin
Response

Effects on the serotonergic system through microbiota
manipulation have also been intensively investigated in
recent years. Li et al. reported that prebiotic and probiotic
treatments positively affected serotonin metabolism at
the colon and central nervous system level in a stressed
rat model (Chronic Unpredictable Mild Stress (CUMS)
rat), and that 5-HT levels and behavioral indicators of
depression were improved to some extent by regulating
the intestinal microbiota. As a result, it has been
presented that prebiotics and probiotics have positive
effects on depressive-like behaviors and have an
important effect on the regulation of serotonin
metabolism (Li et al, 2019). Akkermansia muciniphila
administration ameliorated cognitive dysfunctions in the
gut-liver-brain axis by increasing BDNF and serotonergic
pathway activity in the hippocampus. These effects were
associated with increased plasma serotonin levels and
favorable changes in gut microbiota composition (Kang et
al, 2024). There are also reviews showing that changes in
the intestinal microbiota caused by antibiotic or probiotic
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applications can lead to fluctuations in serotonin
production and use (Burgaz and Erbas, 2023).

In a 12-week, double-blind, randomized, placebo-
controlled study, an adverse regulation was noted after 6
weeks of supplementation with a probiotic formulation,
resulting in a reduction of plasma serotonin levels. As
evidenced by preclinical and clinical studies, the
alterations noted in the probiotic group resemble the
effects of antidepressant medications, specifically
selective serotonin reuptake inhibitors, on plasma
serotonin levels. These results bolster the hypothesis that
probiotic supplementation is a safe and preventive
strategy against the onset of severe depressive disorder,
especially in high-risk populations, such as individuals
exhibiting subthreshold depression (Dacaya et al., 2025).

6.4. Clinical Translation: Serotonin-based
Therapeutic Strategies

From a clinical translational standpoint, therapeutic
strategies based the serotonin system emphasize the
direct or indirect modulation of serotonin pathways
within the brain and peripheral nervous system.
Increasing synaptic serotonin levels through Selective
Serotonin Reuptake Inhibitors (SSRIs) is regarded as a
primary treatment for depression, anxiety, and certain
neurodevelopmental disorders (Rajkumar and Mahesh,
2008; Coplan et al.,, 2014; Lin et al.,, 2023). Serotonin has
classical receptor-mediated effects, but it also has new
functions, like "serotonylation,” through covalent binding
to proteins. This has a wide range of physiological effects,
from making smooth muscles contract to releasing insiilin
(Jiang et al, 2021). The effect of serotoninergic therapies
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is not limited to the receptor and transporter level but
also targets higher-level biological processes such as
neuroplasticity, synaptic remodeling, and glial-neuron
interactions (Rajkumar and Mahesh, 2008). In this
context, the translational success of serotoninergic
therapies is related not only to interventions at the
receptor and transporter level, but also to targeting
higher-level biological processes such as neuroplasticity,
synaptic remodeling, and glial-neuron interactions
(Rajkumar and Mahesh, 2008; Vahid-Ansari et al, 2019).
However, serotonin-based therapeutic strategies have
limitations and potential risks in clinical practice. Not all
patients treated with SSRIs achieve complete response,
and refractory cases remain a significant problem; in this
case, "stacked" strategies such as 5-HT1A autoreceptor
inhibition, heteroreceptor activation, or simultaneous
modulation with other neurotransmitter systems are
gaining prominence (Rajkumar and Mahesh, 2008; Coplan
et al, 2014). In addition, in treatments targeting the
serotonin system, complications such as non-nervous
system effects (e.g. effects on gastrointestinal motility)
and Serotonin Syndrome that may develop as a result of
excessive serotonergic activity should also be taken into
account (Acharekar et al, 2022; Mikkelsen, Damkier and
Pedersen, 2023). In this context, the key to clinical
translation is the accurate identification of biological
targets, the identification of individual endophenotypes,
and the development of patient-specific treatment
strategies. Future clinical trials are expected to explore
agonists/antagonists specific to 5-HT receptor subtypes,
neurotrophic approaches that enhance synaptic plasticity,
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and novel molecules that directly affect the serotonin
transporter or its metabolism (Ciranna and Costa, 2025).

7. CONCLUSION

Serotonin allows communication between the two
systems in the brain-gut axis, it regulates both the central
nervous system and the gastrointestinal system.
Interactions between serotonin metabolism and the gut
microbiota play a crucial role in the development of novel
biomarkers and individualized treatment strategies.
Serotonin produced in the MSS affects mood, cognition,
and behavior, while peripheral serotonin controls
intestinal motility, intestinal secretion, and immune
responses. Therefore, the interaction between serotonin
metabolism and the gut microbiota enables the discovery
of new biomarkers and contributes significantly to the
development of personalized treatment approaches..
With the development of omics technologies, the
serotonin-microbiota relationship is becoming more
clearly understood, creating new opportunities for
targeted therapeutic approaches in both neuropsychiatric
and gastrointestinal diseases. Microbiota modulatory
therapies are considered an alternative for patients
resistant to traditional pharmacotherapies by influencing
serotonin levels and neuroplasticity. Contemporary
studies are limited by heterogeneous samples, small study
groups, and short follow-up durations. Future
translational research must employ longitudinal designs,
multi-layered omics analyses, and standardized
biomarker measurements, while also accounting for
environmental influences and genetic variation.
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