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Abstract
Modulatory effects of serotonin (5- Hydroxytryptamine [5- HT]) have been seen in he-
patic, neurological/psychiatric, and gastrointestinal (GI) disorders. Probiotics are live 
microorganisms that confer health benefits to their host. Recent research has sug-
gested that probiotics can promote serotonin signaling, a crucial pathway in the regu-
lation of mood, cognition, and other physiological processes. Reviewing the literature, 
we find that peripheral serotonin increases nutrient uptake and storage, regulates the 
composition of the gut microbiota, and is involved in mediating neuronal disorders. 
This review explores the mechanisms underlying the probiotic- mediated increase in 
serotonin signaling, highlighting the role of gut microbiota in the regulation of ser-
otonin production and the modulation of neurotransmitter receptors. Additionally, 
this review discusses the potential clinical implications of probiotics as a therapeutic 
strategy for disorders associated with altered serotonin signaling, such as GI and neu-
rological disorders. Overall, this review demonstrates the potential of probiotics as 
a promising avenue for the treatment of serotonin- related disorders and signaling of 
serotonin.
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1  |  INTRODUC TION

Serotonin, also known as 5- Hydroxytryptamine (5- HT), serves as 
a crucial neurotransmitter and hormone present in platelets, play-
ing vital roles in both the peripheral nervous system (PNS) and the 
central nervous system (CNS). Although approximately 90% of the 
body's serotonin is located in the gastrointestinal tract (GIT), while 
10% can be found in the CNS, the neurotransmitter is widely rec-
ognized for its significant involvement in the development and 
progression of various neurological disorders (Guzel & Mirowska- 
Guzel, 2022). Serotonin exerts a profound influence on both brain 
and GI functions; moreover, within the GI tract, a specialized type of 
cells known as enterochromaffin cells (ECs) serve as endocrine cells 
responsible for storing approximately 90% of the body's serotonin. 
These ECs release serotonin in response to various mechanical or 
chemical stimuli, making them pivotal players in the intricate pro-
cesses of neurotransmission and serotonin release. Consequently, 
the activity of ECs contributes significantly to the regulation of sero-
tonin levels in the gut, which in turn plays a crucial role in modulating 
gut function and its connection to the central nervous system (Stasi 
et al., 2014).

Specialized serotonin transporter (SERT) absorbs serotonin de-
livered into the bloodstream and stores it in the thick granules of 
the platelets (Lesurtel et al., 2012). The SERT is a protein that plays 
a crucial role in metabolism and is responsible for the reuptake of 
serotonin from the extracellular space back into nerve cells, plays a 
crucial role in maintaining serotonin levels in the extracellular space 
at relatively constant levels (Inoue et al., 2002). However, serotonin is 
unable to cross the blood–brain barrier; therefore, it must be synthe-
sized de novo inside the serotonergic neurons of the central nervous 
system; although, tryptophan (TRP) is an essential amino acid and a 
substrate to several physiologically vital chemicals, including 5- HT/
Serotonin. Since serotonin cannot cross the blood–brain barrier, it 
is a substrate for several chemicals that are physiologically vital for 
host metabolism (Liu, Sun, et al., 2021; Papadimas et al., 2012).

Despite the fact that serotonin (5- HT) is necessary for the regula-
tion of visceral pain and secretion as well as the onset of the peristal-
tic reflex, abnormal serotonin levels have also been found to cause 
a variety of psychiatric illnesses. Serotonin interacts with a variety 
of receptor subtypes to carry out its biological activity. Numerous 
5- HT receptor subtypes are expressed in the gut and affect diges-
tive functions (Bellini et al., 2016; Stasi et al., 2014). Serotonin has 
the potential to stimulate neurons that are responsible for nerve 
damage, strengthen the motility of the muscles in the GIT, cause 
the muscles of the lungs and uterus to compress, affect the vascu-
lar muscles in both directions (constriction and relaxation), take part 
in platelet aggregation, and affect neurons in the central nervous 
system. Serotonin can function in either a pro-  or anti- inflammatory 
manner, depending on the pathway it takes, and it contributes to 
the symptoms of GI inflammation (Guzel & Mirowska- Guzel, 2022).

It is imperative that probiotics are genetically unaltered and ro-
bust enough to endure travel through the GIT. Therefore, it might 
be possible for probiotics to alter the composition and equilibrium 

of the microbiota that live on the mucosal surfaces of the intestines, 
particularly the lumen, as probiotics have the ability to suppress the 
inflammation caused by gut microbes, it has already been demon-
strated that probiotics can have a role in lowering inflammatory 
reactions in GIT, such as those caused by autoimmune illnesses 
(Mahesh et al., 2021).

Although, gut bacteria play a role in the prevention of mental 
disorders such as major depressive disorder, anxiety disorders, and 
trauma- related diseases. Alterations in gut microbiota may regulate 
brain- gut signaling, changing how the cortex responds to neuro-
endocrine and immunological stimuli, and comorbidity between GI 
and mental health disorders corroborated these findings (Settanni 
et al., 2021). Considering this, the human GIT is home to a diverse 
bacterial community that controls the generation of multiple signal-
ing molecules in the host. These signaling molecules include sero-
tonin or 5- HT, as well as hormones and neurotransmitters (Noble 
et al., 2017; Sanders et al., 2019).

However, depression and anxiety disorders are significant con-
tributors to the global nonfatal health burden and are typically 
managed with pharmaceutical treatments that come with various 
unwanted side effects. Over the last 10 years, mounting evidence 
has indicated that the consumption of specific probiotic strains can 
offer health advantages that extend beyond the digestive system. 
These probiotics, which can enhance mental well- being when in-
gested in the right quantities, have been coined “psychobiotics”, 
hence, presenting a hopeful complementary method for enhanc-
ing the quality of life for individuals experiencing mental distress 
(Hernandez- Barrueta, 2022).

Serotonin is a phylogenetically old biogenic amine that maintains 
energy balance. New research has revealed that peripheral sero-
tonin boosts nutrition absorption and storage. We reviewed current 
knowledge of peripheral serotonin neurotransmission, focusing on 
critical effects on GIT function on serotonin metabolism and probi-
otics that increase serotonin neurotransmission.

2  |  SYNTHESIS AND METABOLISM OF 
SEROTONIN

Serotonin has contributed to the control of metabolism across vari-
ous biological groups. Outside the central and enteric nervous sys-
tems (ENS), the production of serotonin relies on the enzyme called 
tryptophan hydroxylase 1 in peripheral tissues (Chen et al., 2021; 
Stasi et al., 2021). In addition to the neuronal exchanges that occur in 
the CNS and the ENS, serotonin also affects the tissues of the body's 
periphery. Moreover, serotonin is responsible for mediating a wide 
variety of non- neuronal processes and functions, such as the regula-
tion of the bladder, hemostasis, the respiratory drive, immunological 
response, vascular tone, and intestinal inflammation (Li et al., 2011).

Central serotonin plays a crucial role in regulating both mood and 
behavior, as well as influencing the overall energy balance by reduc-
ing appetite. Several medications that modulate central serotonin 
function (such as fenfluramine, sibutramine, and lorcaserin) were 
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initially approved and utilized as anti- obesity treatments but were 
subsequently withdrawn due to their adverse cardiovascular and 
carcinogenic effects. In the past decade, there has been extensive 
research into the role of peripheral serotonin in governing systemic 
energy metabolism, using animal models with specific serotonin- 
related gene knockouts. By inhibiting serotonin's action in the liver 
and adipose tissues, researchers observed improvements in hepatic 
steatosis and a reduction in lipid accumulation, respectively (Moon 
et al., 2022).

The availability of tryptophan (Tph), the synthesis of kynurenine, 
and the rate- limiting enzyme for Tph are all directly tied to the syn-
thesis of serotonin. Tph is responsible for the production of the pre-
cursor 5- HTP, which is then rapidly converted into serotonin by the 
enzyme known as decarboxylase that catalyzes the removal of a car-
boxyl group (COOH) from an amino acid, leading to the formation of 
an amine group (NH2) and carbon dioxide (CO2) (Roth et al., 2021). 
The central and peripheral pools of serotonin are functionally dis-
tinct from one another, as they control serotonin- dependent be-
haviors in the brain and peripheral areas, respectively. However, 
serotonin can be absorbed and metabolized in various ways within 
the body, and its absorption can vary depending on the route of ad-
ministration. Generally, serotonin is not easily absorbed when taken 
orally because it has difficulty crossing the blood–brain barrier in its 
active form (Vicenzi, 2021). Tph predominantly produces circulatory 
serotonin in the enterochromaffin (EC) cells of the GIT, which are 
located in the periphery, however, the response of neighboring cells 
and nutrients control the expression and activity of Tph in EC cells 
(Haq et al., 2021).

The bulk of ingested tryptophan is used to make kynurenine 
rather than serotonin. The rate- limiting enzymes in the conversion 
of tryptophan to kynurenine are indoleamine 2,3- dioxygenase (IDO) 
and tryptophan 2,3- dioxygenase (TDO) (Yabut et al., 2019). A de-
crease in serotonin and a rise in kynurenine, associated with depres-
sion, have been linked to IDO activity. As a result, the kynurenine 
pathway, in addition to Tph, is crucial for regulating serotonin syn-
thesis and availability (Songtachalert et al., 2018).

EC cell activation releases serotonin into nearby cells' interstitial 
space (enterochromaffin cells). EC cells sense postprandial changes 
in the GI lumen, including pH, nutrition, and toxins. EC cells produce 
large concentration of serotonin and a tightly regulated regulatory 
system is needed to remove high serotonin levels from the gut inter-
stitial space, this regulatory system inhibits serotonergic transmis-
sion and prevent serotonin poisoning. Serotonin is either circulated 
or sequestered in enterocytes to remove interstitial serotonin. 
Enterocytes of the intestinal mucosa take up serotonin via SERT, 
and monoamine oxidase breaks it down (MAO), then, submucosa 
capillaries transport serotonin into the bloodstream (Dascalescu & 
Apetrei, 2021; Prah et al., 2020; Wang et al., 2022).

Classical pathogenesis involves the dysfunction of the seroto-
nergic systems and is mainly reflected by insufficient synaptic 5- HT 
levels in the brain. 5- HT is biosynthesized from dietary L- tryptophan 
(Liu, Tian, et al., 2021). However, tryptophan is an essential amino 
acid critical for the synthesis of serotonin (Gershon, 2013). The 

synthetic cascade is the same regardless of where in the gut- brain 
axis the reaction takes place. Tryptophan is initially converted to 
5- hydroxytryptophan (5- HTP) by the rate- limiting enzyme known 
as tryptophan hydroxylase (TPH). At normal tryptophan concen-
trations, TPH is not saturated. Consequently, higher tryptophan 
concentrations can enhance metabolic output. Through aromatic 
amino acid decarboxylase, the short- lived 5- HTP intermediate prod-
uct is converted into 5- HT in the next step of the metabolic process 
(AAAD). On the other hand, the kynurenine pathway is the most 
important one for tryptophan in terms of its physiological function. 
After synthesis, in the central nervous system, serotonin is stored 
in vesicles within serotonergic neurons, ready for release when 
needed. In the gut, serotonin is stored in enterochromaffin cells 
(O'Mahony et al., 2015).

After release, serotonin can bind to specific receptors on target 
cells to transmit its signals. It can also be taken back up into the pre-
synaptic neuron or the enterochromaffin cell by SERTs, a process 
known as reuptake. Serotonin then undergoes enzymatic break-
down primarily in the liver. The enzyme monoamine oxidase (MAO) 
converts serotonin into 5- hydroxyindoleacetic acid (5- HIAA), which 
is then excreted in the urine (Von Volkmann et al., 2019).

Serotonin is mostly metabolized through MAO. Both MAO- A and 
MAO- B are isoforms of MAO, with MAO- A having a far stronger af-
finity for serotonin. Aldehyde dehydrogenase converts the result of 
serotonin's MAO- dependent catabolism, 5- hydroxyindole aldehyde, 
into 5- HIAA (De La Fuente Barrigon, 2018). Thus, serotonin levels 
are influenced by the availability of tryptophan, TPH expression, and 
activity, as well as the activity of enzymes involved in serotonin me-
tabolism like MAO, IDO, and TDO.

3  |  ROLE OF SEROTONIN IN CNS AND GI 
FUNC TIONS

Serotonin plays a pivotal role in both the CNS and GI functions. In 
the CNS, serotonin functions as a neurotransmitter and is involved 
in regulating mood, sleep, and appetite. It contributes to feelings 
of well- being and helps modulate responses to stress and anxiety, 
additionally, 5- HT regulates a wide variety of physiological activi-
ties, conventional roles include central regulation of sleep, mood, 
stress, and anxiety, as well as the peripheral control of GI motil-
ity, are among the most well- known applications of 5- HT (Jones 
et al., 2020). 5- HT is a crucial neurotransmitter in the CNS, which 
has long been understood as Central 5- HT. Significant amounts of 
central 5- HT are involved in crucial brain processes including mood, 
sleep, and food regulation (Shajib & Khan, 2015). Since 5- HT is pro-
duced from the mucosa concurrently with peristaltic contractions, 
serotonin was once assumed to be the primary regulator of peristal-
sis (Sia et al., 2013).

While there is some evidence pointing to the potential role of 
the serotonergic system in the pathophysiology of cluster head-
aches (CH), there has been a notable lack of comprehensive re-
search into serotonin (5HT) metabolism in this context. To address 
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this gap, a study was undertaken to examine the levels of 5HT and 
5- hydroxyindoleacetic acid (5HIAA) in the plasma and platelets of 
CH patients during active disease episodes. The data from the study 
indicate that CH is marked by an elevation in plasma serotonergic me-
tabolism, which suggests a potential involvement of the central se-
rotonergic system in the development of CH (D'andrea et al., 1998).

In the GI system, serotonin is mainly produced in enterochromaf-
fin cells (ECs) of the gut lining. It influences various aspects of gut 
function, including peristalsis (intestinal muscle contractions), se-
cretion of digestive enzymes, and sensory perception related to the 
digestive process. Additionally, serotonin in the gut plays a role in 
regulating appetite and satiety (Habets et al., 2013). Serotonin regu-
lates gut motility by influencing the contractions of intestinal muscles. 
It helps maintain the rhythmic movements necessary for the proper 
digestion and absorption of nutrients (Borgdorff & Tangelder, 2012). 
Serotonin receptors in the gut are involved in sensory perception re-
lated to the digestive process. They contribute to the perception of 
fullness and discomfort, influencing eating behaviors, also they can 
stimulate the secretion of digestive enzymes, aiding in the breakdown 
of food in the stomach and small intestine (Brommage, 2015).

Moreover, serotonin has been involved in a wide variety of pro-
cesses that take place inside the human body. Since its connection 
between the brain and the gut (the brain- gut axis), as well as the 
growing clinical evidence indicating the efficacy of SSRIs (Selective 
serotonin reuptake inhibitors) in treating these neurological disor-
ders/conditions, it has been demonstrated that serotonin and its re-
ceptors, specifically the SERT and its polymorphisms, play a potential 
role in the pathophysiology of functional digestive disorders such as 

irritable bowel syndrome (IBS) (Margolis, 2017; Wang et al., 2004; 
Yaghoubfar et al., 2020). Serotonin plays a key role in secretion, va-
sodilation, peristalsis, perception of pain, and nausea through the 
5- HT receptors in the GIT. Tryptophan from the GIT can enter cir-
culation, cross the blood–brain barrier (BBB), and initiate serotonin 
synthesis in the brain (Westfall et al., 2017).

There is mounting evidence that points to 5- HT in the periphery 
playing a significant role as a hormone able to modulate metabolic 
processes in the periphery (Martin et al., 2017). 5- HT also upregu-
lates hepatic gluconeogenesis and adipocyte lipolysis during fasting. 
However, fasting increases intestinal Tph1 expression and circulat-
ing 5- HT, like glucagon (Fu et al., 2016). Contrary to common belief, 
obesogenic circumstances also result in higher circulating levels of 
5- HT. Obese people have higher quantities of the hormone 5- HT 
in their blood and intestines (Young et al., 2018). Moreover, periph-
eral 5- HT regulates glucose- stimulated insulin release in islets, and 
excessive levels of peripheral 5- HT produce hepatic steatosis, an in-
crease in liver fat (Zhang et al., 2017).

Because 5- HT is a vital mediator of many important gut functions 
and CNS activities, as a consequence, a relevant target in the setting 
of GI disorders. However, Figure 1 shows the graphical presentation 
of the interplay between CNS, GIT, and serotonin signaling.

4  |  SEROTONIN AND GUT–BR AIN A XIS

The gastrointestinal tract and the central nervous system are con-
nected by a communication pathway known as the brain- gut axis. 

F I G U R E  1  Effects of serotonin- 5HT on central nervous system & GI tract functions.
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This pathway allows for information to flow in both directions. At 
both the beginning and the end of this network, serotonin plays a 
critical role as a neurotransmitter. There is an increasing body of re-
search that points to the gut microbiome playing an important role in 
the regulation of the typical functioning of this axis. The enterochro-
maffin cells (ECCs) in the gastrointestinal system are responsible for 
the production of around 90% of the body's total serotonin. The 
brain only contains approximately 5% of the remaining serotonin 
(O'Mahony et al., 2015; Yano et al., 2015).

The hypothalamic–pituitary–adrenal (HPA) axis is the major con-
nection that exists between the gastrointestinal tract and the brain. 
The bacterium in the gut can control the levels of stress hormones 
such as cortisol through this axis. The gastrointestinal tract's ability 
to activate stress circuits is accomplished through vagal pathways, 
which are also involved in the activation and regulation of the HPA 
axis (Foster & Neufeld, 2013).

This microbiota–gut–brain axis, also known as the MGBA, is es-
sential for normal development and function, and abnormalities in 
its control have been linked to a variety of neurological and gastro-
intestinal conditions. However, serotonin has been discovered as a 
chemical of particular importance as a result of research into the 
molecular underpinnings of the MGBA (Everett et al., 2022).

A study evaluated the effects of Akkermansia muciniphila and 
its extracellular vehicles (EVs) on genes pertaining to the seroto-
nergic system in the colon and hippocampus of mice, Akkermansia 
muciniphila was intervened for 4 weeks, and the serotonin levels in 
the colon, hippocampus, and serum of mice, as well as the human 
colon carcinoma cells (Caco- 2), were measured by ELISAs. Results 
revealed that serotonin signaling/metabolism through the gut–brain 
axis might be considered in new therapeutic strategies to ameliorate 
serotonin- related disorders (Yaghoubfar et al., 2020).

In a recent study, derived Bifidobacterium dentium has been uti-
lized to modulate the mammalian serotonergic levels and gut–brain 
axis, results revealed increased fecal acetate in the mice associated 
with Bifidobacterium dentium, findings have suggested that B den-
tium, and the bacterial metabolite acetate, are capable of regulating 
key components of the serotonergic system in multiple host tis-
sues, and are associated with a functional change in adult behavior 
(Engevik, Luck, et al., 2021).

However, the response of stress hormones that are produced 
down the HPA axis can be reversed using probiotics, which are live 
microorganisms that are taken as dietary supplements or food prod-
ucts to improve health (Liu et al., 2019). In addition to other neuro-
anatomical abnormalities in levels of neurotransmitters, it has been 
discovered that abnormalities of the HPA axis, as well as hyperactiv-
ity of the HPA axis, may be potential biological contributors to the 
development of anxiety and depression (i.e., chemical substances 
that deliver hormonal responses in the brain). There is a connection 
between depression and the HPA axis because bouts of depression 
are associated with a dysregulation of this axis, and the resolution 
of depressive episodes is connected with normalization of this axis. 
Both in the early stages of development, when the programming of 
the HPA axis is being done, and throughout life, when a person's 

response to stress is being determined, the microbiota in the gut 
plays a significant role (Wallace & Milev, 2017). Table 2 shows the 
systematic review of probiotic supplementation improves serotonin 
signaling via the gut–brain axis.

5  |  GUT MICROBIOTA REGUL ATE 
SEROTONIN TR ANSMISSION

The gut microbiota can influence serotonin levels in the brain and 
neurotransmission through various mechanisms, including seroto-
nin production in the gut, modulation of the SERT, immune sys-
tem interactions, vagus nerve communication, and the production 
of metabolites like SCFAs, however, gut bacteria ferment dietary 
fibers to produce short- chain fatty acids, such as butyrate, pro-
pionate, and acetate. These SCFAs can have far- reaching effects 
on the brain and neurotransmission (Borgdorff & Tangelder, 2012; 
Margolis, 2017).

Numerous bacteria that are present in the gut have an impact 
on its motility and functionality. The complex of microbes that live 
in the gut and have a symbiotic interaction with the host is known 
as the intestinal microbiota (Malard et al., 2021). The term “micro-
biome” refers to the aggregate gene pool of the bacteria that share 
this particular ecological niche. The number of species in this micro-
biota grows from the esophagus to the rectum, where it is not spread 
equally along the gut (Mailhe et al., 2018). From infancy through 
adulthood, the gut microbiota's makeup is extremely dynamic and 
varies. Bacteria are categorized into phylum, order, families, genera, 
and species (Ugwu et al., 2020).

The composition of the intestinal microbiota can change over 
the course of adulthood due to a variety of factors, which can then 
have an impact on one's health or propensity for disease (Segal 
et al., 2020). It has been demonstrated that “normal” intestinal mi-
crobiota contributes to a variety of physiological advantages for the 
host, including control of intestinal homeostasis, defense against 
pathogens, immune system development, and metabolic and neuro-
endocrine processes (Ma & Ma, 2019). However, dysbiosis, a change 
in the intestinal microbiota, is acknowledged as a risk factor for the 
beginning and development of several chronic illnesses, particularly 
those connected to metabolic alterations, including non- alcoholic 
fatty liver disease (NAFLD) (Vijay & Valdes, 2022). However, entero-
endocrine cells can be triggered to respond in a sensory manner by 
ingested nutrients, microbial metabolites, immunological activation, 
and some medicines. It is common knowledge that enteroendocrine 
cells perform the function of sensory cells and are capable of re-
acting to their immediate surroundings (Findeisen et al., 2019; Lund 
et al., 2018; Sun et al., 2019).

It is widely established that 5- HT plays an important part in the 
control of gastrointestinal function. Nevertheless, the involvement 
of gut microorganisms in altering host gut- derived 5- HT signaling is 
a developing subject that has the potential to yield crucial insights 
into the relationship between the microbiota and GI function (Spear 
& Mawe, 2019).
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Numerous studies looking at the function of the microbiota in 
gut- derived 5- HT regulation found that GF mice have significantly 
lower serum 5- HT levels, decreased colonic Tph1 mRNA expres-
sion, and increased colonic SERT mRNA expression as compared to 
control mice, even though it has long been known that the enteric 
community of bacteria that inhabits the human distal intestinal track 
has a significant impact on health (Liu et al., 2016; Tada et al., 2016).

A recent study explored the relationship between the neu-
rotransmitter serotonin (5- HT), its transporter (5- HTT), early life 
stress, and gut microbiota composition in rats. The study investi-
gates whether alterations in 5- HTT expression, particularly in rats 
with the 5- HTT- linked polymorphic region (5- HTTLPR) short al-
lele, are associated with changes in gut microbiota and how these 
changes may be influenced by early life stress. The findings of the 
study suggested that the 5- HTT genotype had a more pronounced 
impact on microbial dysbiosis. Rats with the 5- HTT knockout gen-
otype exhibited a significant difference in microbiota composition 
compared to the other genotypes. However, the findings may have 
implications for understanding similar relationships in humans and 
the potential role of gut microbiota in intestinal and psychiatric dis-
orders associated with serotonin dysfunction (El Aidy et al., 2017).

The importance of the gut microbiome in regulating GI function 
is becoming more widely recognized. Diseases with altered GI motil-
ity have been linked to altered gut microbiota composition. A recent 
study examined germ- free (GF) or humanized mice to establish the 
link between gut bacteria, colonic contractility, and host serotonergic 
gene expression (with human gut microbiota). Both GF and HM colons 
had shorter contractile times after 5- HT treatment. Short- chain fatty 
acids (SCFAs) enhanced TPH1 transcription in a human EC cell culture, 
according to the study. Consequently, it has been established that 
enteric 5- HT synthesis and homeostasis are significantly influenced 
by the gut microbiota acting through SCFAs (Reigstad et al., 2015). 
A study showed that the microbiota is essential for controlling host 
5- HT, the study investigates that Indigenous spore- forming bacteria 
(Sp) from the mouse and human microbiota promote 5- HT biosynthe-
sis from colonic enterochromaffin cells (ECs), moreover, gut bacteria 
metabolize tryptophan into various compounds, some of which may 
ultimately contribute to serotonin production which provides 5- HT 
to the mucosa, lumen, and circulating platelets, could encourage to 
produce 5- HT humans (Yano et al., 2015).

An investigation was conducted to investigate the host- microbe 
interrelationships that govern peripheral 5- HT by analyzing the in-
fluences that microbes have on the fecal metabolome. In compari-
son to particular pathogen- free controls, the researchers discovered 
that GF mice had significantly lower amounts of 5- HT in both their 
colonic and feces contents. This lack of 5- HT was seen in the distal, 
middle, and proximal colon, but not the small intestine, suggesting 
that bacteria regulate the quantity of 5- HT in the colon. In this work, 
there was no discernible difference between the quantity of chro-
mogranin A (CgA+) ECs in the colons of adult GF mice and SPF mice. 
This suggests that a decrease in colon 5- HT may be due to an aber-
rant 5- HT metabolism rather than an impaired production of ECs (Liu 
et al., 2021; Yano et al., 2015).

Recent data is consistent with the gut microbiota playing a causal 
role in regulating gut 5- HT levels and host metabolism. As a result, 
gut- derived 5- HT plays a crucial role in encouraging long- term en-
ergy conservation and enhancing numerous physiological responses 
to nutrient deprivation.

6  |  SEROTONIN AND GA STR OIN TES TINAL 
DISORDERS

As the GI tract is the body's primary source of serotonin 
(5- hydroxytryptamine (5- HT)), its function and physiology are inextri-
cably linked to that of the GIT. Inflammatory bowel illness and func-
tional disorders like irritable bowel syndrome have been linked to 5- HT, 
which is produced by enterochromaffin (EC) cells and is an important 
enteric mucosal signaling molecule. 5- HT has also been implicated 
in several other GI diseases. 5- HT can play a variety of functions in 
the pathophysiology of gastrointestinal illnesses; however, two of the 
most significant roles for 5- HT are its ability to control the immune sys-
tem and its influence on the motility of the gastrointestinal tract (Guzel 
& Mirowska- Guzel, 2022). Moreover, various serotonin receptors have 
been presented in Table 1 with respect to their role in the GIT.

6.1  |  Inflammatory bowel syndrome

Irritable bowel syndrome (IBS) is a chronic disorder that is wide-
spread, incompletely known, and characterized by stomach discom-
fort linked with abnormal bowel movements. This condition occurs 
even in the absence of anatomical or biochemical abnormalities in 
the intestines. It is a complicated condition that is related to altera-
tions in the movement, excretion, and sensation of the gastrointes-
tinal tract. In the gastrointestinal system, serotonin (5- HT) functions 
both as a neurotransmitter and as a molecule that is involved in 
paracrine signaling. Initiation of peristaltic, secretory, vasodilatory, 
vagal, and nociceptive reflexes is caused by the release of 5- HT from 
enterochromaffin (EC) cells. Irritable bowel syndrome is character-
ized by changes in 5- HT signaling, which may be the cause of both 
intestinal and extraintestinal symptoms (Pretorius & Smith, 2020).

Both the enterochromaffin (EC) subtype of enteroendocrine cells 
and the serotonergic neurons in the myenteric plexus are responsi-
ble for the synthesis of serotonin within the colon itself. In response 
to luminal stimuli, such as mechanical stresses, EC cells will release 
5- HT into the surrounding environment (Kuramoto et al., 2021). 
5- HT is a neurotransmitter that is produced and then acts on recep-
tors in the processes of sensory neurons that enter the lamina pro-
pria. These include primary sensory neurons with cell bodies in the 
spinal (dorsal root) and vagal (nodose) ganglia, as well as branches 
of intrinsic sensory neurons with cell bodies in the submucosal and 
myenteric ganglia. Thus, the activation of motor, secretory, and va-
sodilatory reflexes as well as the stimulation of afferent signals to 
the brain and spinal cord are brought on by the release of 5- HT from 
EC cells (Bosi et al., 2020).
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Constipation- predominant IBS (also known as C- IBS), diarrhea- 
predominant IBS (also known as D- IBS), and alternating forms are 
the three most common classifications of irritable bowel syn-
drome (IBS). Recent research suggests that variations in serotonin 
(5- HT) signaling may play a role in functional gastrointestinal dis-
eases such as irritable bowel syndrome (IBS), chronic constipation, 
diarrhea, and functional dyspepsia. There have been reports of 
changes in enteroendocrine cells in patients with ‘post dysenteric’ 
IBS, which is characterized by recurring stomach pain and diarrhea 
(Ng et al., 2018).

Researchers found that a decrease in intestinal serotonin pro-
duction causes the intestinal lining to weaken, which inevitably 
causes obstruction or constipation and an increase in serotonin 
levels in the gut (Bruta & Bhasin, 2021). It has been found that 
people with IBS have enterocytes that lack the SERT. However, 
many studies focus on the lower density of enterochromaffin 
cells in the GIT of IBS sufferers. It has been demonstrated that 
indoleamine pyrrole 2,3- dioxygenase overexpression activates a 
metabolic pathway that is probably related to the development of 
IBS. After that, research has revealed that IBS patients—both men 
and women—have higher kynurenine concentrations than normal. 
Consequently, a favorable correlation between IBS and the degree 
of kynurenine/tryptophan was discovered (Yeung et al., 2022). 
However, tryptophan is longer shunted via the kynurenine path-
way in people with extreme IBS side effects, which helps explain 
the atypical serotonergic action. Reduced stool production and 
delayed upper GIT motility have been observed in mice given par-
oxetine, an SSRI, over an extended period (Bruta & Bhasin, 2021). 
These discoveries propose that changed mucosal 5- HT signaling 
seems to contribute to the indications of IBS.

6.2  |  Functional dyspepsia

Functional dyspepsia, often known as FD, is a prevalent digestive 
illness that impacts between 20 and 30 percent of the adult popula-
tion all over the world. Chronic recurrent epigastric symptoms, such 

as discomfort, burning, postprandial fullness, and early satiation, are 
a hallmark of this condition (Wauters et al., 2021).

The meta- analysis and the systematic review have shown that 
there was a large overlap between FD and IBS, with 37% of patients 
diagnosed with dyspepsia also suffering from IBS at the same time 
(De Bortoli et al., 2018). Additionally, abnormalities of 5- HT were 
detected in patients who had both postinfectious IBS and FD at the 
same time. On the other hand, there is a paucity of data regarding 
the anomalies of 5- HT in people who have FD. It has been suggested 
that agonists of the 5- HT4 receptor may alleviate dyspeptic symp-
toms, particularly in patients whose stomach emptying is delayed 
(Sato & Grover, 2022).

6.3  |  Celiac disease

Celiac disease, also known simply as celiac, is an immunological 
reaction to gluten that causes patients to suffer from persistent 
diarrhea and extreme exhaustion. Celiac disease has been linked to 
an increase in both the number of enterochromaffin cells (EC) and 
the quantity of 5- hydroxytryptamine (5- HT) in the duodenal mu-
cosa, as well as crypt hyperplasia in the small intestine. The pres-
ence of an increased number of neuroendocrine cells that produce 
5- hydroxytryptamine (5- HT) in the mucosa of patients with refrac-
tory celiac disease is suggestive of a role for 5- HT in maintaining 
an inflammatory response in these patients. Although additional 
research is required to determine the exact role that 5- HT plays 
in the pathogenesis of celiac disease, it is now abundantly clear 
that 5- HT has a strong correlation with the onset of celiac disease 
(Banskota et al., 2019).

7  |  SEROTONIN AND BR AIN DISORDERS

Serotonin, often referred to as the “feel- good” neurotransmitter, 
plays a crucial role in the intricate workings of the human brain 
and its impact on our emotional well- being, the neurotransmitter 

TA B L E  1  Function of serotonin receptors in GI tract.

Receptor Function in GI Reference

5- HT1 Gastric fundus relaxation Guzel and Mirowska- Guzel (2022)

Contraction of intestinal circular muscle Fujii et al. (2020)

Contraction of intestinal longitudinal muscle Gwynne and Bornstein (2019)

Prokinetic intestinal stimulation Legan et al. (2022)

Peristaltic and secretory reflexes Brown and Liu (2021)

5- HT2 Contraction of smooth muscles Guevara and Trejo (2021)

Contraction of smooth muscles in stomach fundus Li, Wang, et al. (2019)

Relaxation of longitudinal muscle in the intestine Tonini and De Ponti (2020)

5- HT3 Chloride secretion and serotonin release from EC cells Spencer and Keating (2022)

5- HT4 Increase intestinal motility Shokrollahi et al. (2019)

Relaxation of colon Li, Wang, et al. (2019)
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is involved in a wide range of physiological and psychological 
processes, making it a subject of intense scientific inquiry and a 
key player in understanding various brain disorders (Awasthi & 
Chandra, 2021). The intricate relationship between serotonin and 
brain disorders is a fascinating and complex one, offering insights 
into both the causes and potential prevention of neurological and 
mental health conditions.

Serotonin, primarily synthesized in the neurons of the brain-
stem and found throughout the central nervous system, serves as 
a vital communicator between nerve cells. Its influence extends far 
beyond regulating mood, serotonin is involved in controlling sleep, 
appetite, digestion, and even cardiovascular functions (O'Mahony 
et al., 2015). This widespread presence underscores its importance 
in maintaining overall brain and body health.

Serotonin is often associated with mood regulation, and imbal-
ances in serotonin levels are linked to depression, while serotonin 
itself may not prevent depression, however, maintaining adequate 
levels of this neurotransmitter can help stabilize mood and reduce 
the risk of developing depressive disorders, many antidepressant 
medications work by increasing serotonin levels in the brain (Martins 
& Brijesh, 2018; Naoi et al., 2018).

Additionally, anxiety disorders, such as generalized anxiety 
disorder and panic disorder, are also influenced by serotonin lev-
els, adequate serotonin signaling can help regulate anxiety, re-
ducing the likelihood and severity of anxiety- related disorders 
(Guilmette, 2022).

Serotonin plays a role in regulating blood vessel flow, however, 
imbalances in serotonin levels can lead to blood vessel constriction 
that may potentially trigger migraines, although, proper serotonin 
signaling can help prevent migraine attacks or reduce their fre-
quency and intensity (Körtési et al., 2022).

Serotonin dysregulation can contribute to the development of 
Obsessive- compulsive disorder (OCD), moreover, medications that 
increase serotonin levels, such as selective serotonin reuptake inhib-
itors (SSRIs), are often used in the treatment of OCD and can help 
prevent its progression (Hadi et al., 2021). Serotonin has been shown 
to be involved in regulating appetite and satiety. Imbalances in sero-
tonin signaling can contribute to eating disorders such as anorexia 
nervosa and bulimia nervosa. Moreover, maintaining a healthy 
serotonin balance can play a role in preventing these conditions 
(Prochazkova et al., 2023).

While not directly preventing neurodegenerative diseases like 
Alzheimer's and Parkinson's, serotonin signaling has been linked to 
cognitive function and neuroprotection. Adequate serotonin levels 
may support brain health and potentially delay the onset or progres-
sion of these disorders (Gupta et al., 2023). A study investigated that 
Saccharomyces boulardii CNCM I- 1079 may be distinct from bacterial 
probiotics in its salivary serotonergic effect, which appears posi-
tively linked to sympathoadrenal markers (Karbownik et al., 2022). 
Understanding these complexities is essential for the development 
of targeted therapies and interventions that may help prevent or al-
leviate the burden of brain disorders on individuals and society as a 
whole.

8  |  PROBIOTIC S PROMOTE SEROTONIN 
SIGNALING

Oral administration of isolated bacterial strains, such as those 
present in non- colonizing “probiotic” formulations, is a short- term 
method of modifying the gut microbiota. Orally administered micro-
organisms have been shown in numerous studies to have positive 
impacts on host physiological processes in both animal models and 
humans (Kim et al., 2017).

Serotonin (5- hydroxytryptamine [5- HT]) generation by en-
terochromaffin cells can be controlled by the microbiota in the 
human gut. So far, the mechanism underpinning serotonin signal-
ing caused by microbes is not fully known. A recent study eval-
uated the impact of B dentium metabolites on enterochromaffin 
cells' production of 5- HT. In this investigation, steroids from mice 
and humans were employed. Mature germ- free mice were treated 
with sterile media, live Bifidobacterium dentium, heat- killed B 
dentium, or live Bacteroides ovatus. These findings imply that 
both the bacterial metabolite acetate and the bacterial strain are 
capable of altering the function of adult behavior and controlling 
important serotonergic system components in a variety of host 
tissues (Engevik, Luck, et al., 2021).

According to numerous research, probiotic strains includ-
ing Lacticaseibacillus rhamnosus and Limosilactobacillus reuteri are 
linked to higher intestine SERT concentrations (Engevik, Ruan, 
et al., 2021; Wang et al., 2015). Irritable bowel syndrome (IBS) can 
be relieved in part by probiotics; however, the exact mechanism 
is unknown. Researchers have looked into how the supernatants 
of the bacteria Lactobacillus acidophilus and Bifidobacterium longum 
affect the expression of the protein and messenger ribonucleic acid 
(mRNA) for the SERT (Cao et al., 2018). A research carried out by 
Li, Liu, et al. (2019), investigated to examine the potential antide-
pressant properties of prebiotics and probiotics and to investigate 
their impact on the modulation of serotonin (5- HT) metabolism. 
The results suggested that both prebiotics and probiotics exhibit 
antidepressant effects and exert a notable influence on the regu-
lation of 5- HT metabolism, with particular emphasis on the role of 
L. rhamnosus.

The bacteria in the intestines have the potential to influence 
the amount of serotonin found in the gastrointestinal system. 
Through neurological processes that take place between the 
ENS and the central nervous system, it is also able to alter the 
serotonergic neurotransmission of the host in the gut- brain 
axis (CNS) (Yaghoubfar et al., 2020). Inflammatory bowel dis-
ease (IBD) and mental illnesses, such as mood disorders, anxi-
ety disorders, depression, and other systemic disorders, can be 
caused by a dysbiosis of the gut microbiota and dysfunction of 
the serotonergic system (Yong et al., 2020). There is a connec-
tion between the microbiota in the stomach and the mucosal, 
neuronal, and systemic homeostasis of the neurotransmitter 
serotonin. Therefore, altering the gut microbiota with probi-
otics can help maintain the homeostasis of the serotonin sys-
tem and avoid several pathophysiological diseases in the host 
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(Yaghoubfar et al., 2020). Altogether, the mounting evidence 
suggests that probiotics can alter host gut- derived 5- HT and 
influence 5- HT- mediated gut functions, leading to potential 
therapeutic applications. Table 2, shows the systematic review 
of probiotic supplementation improves serotonin signaling via 
gut- brain axis.

9  |  CONCLUSION

In recent years, there has been growing interest in the role of the 
gut microbiota and the impact it has on our overall health. One area 
of particular interest is the relationship between the gut microbi-
ota and the brain, known as the gut- brain axis. This connection is 
thought to be mediated by the production and signaling of various 
neurotransmitters, including serotonin.

Research has shown that probiotics, which are live microorgan-
isms that confer health benefits when consumed, can have a pos-
itive impact on gut health. Studies have found that probiotics can 
increase serotonin levels in the gut, which can lead to improvements 
in gut motility, immune function, and even mood.

However, it is important to note that the relationship between 
probiotics, serotonin, and gut health is complex and strongly inter-
linked. Probiotics in gut microbiota may play a significant role in pro-
moting serotonin signaling and improving gut health. Additionally, 
more research is needed to determine the long- term effects of pro-
biotic use and its impact on overall health.

AUTHOR CONTRIBUTIONS
Noor Akram: Conceptualization (equal); writing – original draft 
(equal); writing – review and editing (equal). Zargham Faisal: 
Validation (equal); writing – original draft (equal); writing – review 
and editing (equal). Rushba Irfan: Software (equal); validation (equal); 
writing – review and editing (equal). Yasir Abbas Shah: Writing – 
original draft (equal); writing – review and editing (equal). Syeda 
Ayesha Batool: Visualization (equal); writing – review and editing 
(equal). Toobaa Zahid: Formal analysis (equal); validation (equal); 
writing – review and editing (equal). Aqsa Zulfiqar: Formal analy-
sis (equal); validation (equal). Areeja Fatima: Data curation (equal); 
formal analysis (equal). Qudsia Jahan: Data curation (equal); valida-
tion (equal); visualization (equal). Hira Tariq: Formal analysis (equal); 
validation (equal). Farhan Saeed: Conceptualization (equal); writing 
– review and editing (equal). Aftab Ahmed: Data curation (equal); 
validation (equal); writing – review and editing (equal). Aasma 
Asghar: Formal analysis (equal); writing – review and editing (equal). 
Huda Ateeq: Formal analysis (equal); validation (equal). Muhammad 
Afzaal: Supervision (equal); writing – original draft (equal); writing 
– review and editing (equal). Mahbubur Rahman Khan: Validation 
(equal); writing – review and editing (equal).

ACKNOWLEDG MENTS
The authors are thankful to Government College University 
Faisalabad for providing literature collection facilities.TA

B
LE

 2
 

Pr
ob

io
tic

 s
up

pl
em

en
ta

tio
n 

im
pr

ov
es

 s
er

ot
on

in
 s

ig
na

lin
g.

Pr
ob

io
tic

St
ud

y 
de

si
gn

D
ur

at
io

n
Ta

rg
et

ed
 

or
ga

n
O

bj
ec

tiv
e

Ke
y 

fin
di

ng
s

Re
fe

re
nc

e

La
ct

ob
ac

ill
i

M
ic

e 
st

ud
y

8 
w

ee
ks

G
ut

Pr
ob

io
tic

s 
re

du
ce

 in
fla

m
m

at
io

n 
in

 
M

ul
tip

le
 S

cl
er

os
is

 (M
S)

Th
e 

se
ro

to
ni

n 
ge

ne
 e

xp
re

ss
io

n 
in

cr
ea

se
d

Sa
je

di
 e

t a
l. 

(2
02

1)

L.
 p

la
nt

ar
um

M
ic

e-
 m

od
el

14
 d

ay
s

Br
ai

n
Pr

ob
io

tic
s 

im
pr

ov
e 

m
en

ta
l h

ea
lth

 v
ia

 
gu

t-
 br

ai
n 

ax
is

Pr
om

ot
es

 s
er

ot
on

in
 s

ig
na

lin
g,

 
in

te
st

in
al

 m
ot

ili
ty

 &
 m

uc
in

 
pr

od
uc

tio
n

C
he

n 
et

 a
l. 

(2
02

2)

Sa
cc

ha
ro

m
yc

es
 b

ou
la

rd
ii

M
ic

e 
st

ud
y

–
G

ut
Pr

ob
io

tic
s 

re
gu

la
te

 In
te

st
in

al
 s

er
ot

on
in

 
tr

an
sp

or
te

r
Pr

ev
en

t I
BS

 a
nd

 d
ia

rr
he

a,
 u

pr
eg

ul
at

e 
SE

RT
 &

 in
hi

bi
ts

 g
ut

 m
ot

ili
ty

G
u 

et
 a

l. 
(2

02
2)

Bi
fid

ob
ac

te
riu

m
 a

ni
m

al
is

In
 v

itr
o

–
G

ut
Pr

ob
io

tic
s 

en
ha

nc
e 

G
I m

ot
ili

ty
 in

 
Ze

br
af

is
h

In
cr

ea
se

d 
in

te
st

in
al

 p
er

is
ta

ls
is

 a
nd

 
m

od
ul

at
io

n 
of

 s
er

ot
on

in
Lu

 e
t a

l. 
(2

01
9)

St
re

pt
oc

oc
cu

s &
 L

ac
to

ba
ci

llu
s s

tr
ai

ns
Ra

t s
tu

dy
25

 d
ay

s
Br

ai
n 

an
d 

G
ut

Pr
ob

io
tic

s 
en

ha
nc

e 
cr

os
s 

ta
lk

 a
m

on
g 

se
ro

to
ni

n 
re

ce
pt

or
s 

an
d 

gu
t

C
on

tr
ol

 m
em

or
y 

de
fic

it 
&

 in
cr

ea
se

 
se

ro
to

ni
n 

re
ce

pt
or

s
Be

ilh
ar

z 
et

 a
l. 

(2
01

8)

Pr
ob

io
tic

 st
ra

in
s

In
 v

iv
o 

m
od

el
–

Br
ai

n
Pr

ob
io

tic
s 

m
od

ul
at

e 
se

ro
to

ni
n 

si
gn

al
in

g
Im

pr
ov

es
 p

at
ho

ph
ys

io
lo

gi
ca

l d
is

or
de

r
M

ah
es

h 
et

 a
l. 

(2
02

1)

Li
m

os
ila

ct
ob

ac
ill

us
 re

ut
er

i
M

ic
e 

m
od

el
–

G
ut

Pr
ob

io
tic

s 
up

re
gu

la
te

 s
er

ot
on

in
 s

ig
na

lin
g

U
pr

eg
ul

at
io

n 
of

 S
ER

T 
to

 m
ai

nt
ai

n 
in

te
st

in
al

 h
om

eo
st

as
is

En
ge

vi
k,

 R
ua

n,
 e

t a
l. 

(2
02

1)



    |  703AKRAM et al.

FUNDING INFORMATION
The authors declare that no funds, grants, or other support were 
received during the preparation of this manuscript.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

DATA AVAIL ABILIT Y S TATEMENT
Even though adequate data has been given in the form of tables and 
figures, however, all authors declare that if more data is required 
then the data will be provided on a request basis.

ORCID
Noor Akram  https://orcid.org/0000-0002-2100-6212 
Zargham Faisal  https://orcid.org/0000-0003-4389-4473 
Farhan Saeed  https://orcid.org/0000-0001-5340-4015 
Aasma Asghar  https://orcid.org/0000-0002-5335-1440 
Huda Ateeq  https://orcid.org/0000-0001-9612-1031 
Muhammad Afzaal  https://orcid.org/0000-0001-9047-9075 

R E FE R E N C E S
Awasthi, N., & Chandra, Y. (2021). Nutritional psychiatry and mental 

health: from belly to brain. Emerging Trends in Health and Well Being, 
1, 1–35.

Banskota, S., Ghia, J. E., & Khan, W. I. (2019). Serotonin in the gut: 
Blessing or a curse. Biochimie, 161, 56–64.

Beilharz, J. E., Kaakoush, N. O., Maniam, J., & Morris, M. J. (2018). 
Cafeteria diet and probiotic therapy: Cross talk among memory, 
neuroplasticity, serotonin receptors and gut microbiota in the rat. 
Molecular Psychiatry, 23(2), 351–361.

Bellini, M., Gambaccini, D., & Bassotti, G. (2016). Comorbidities in func-
tional gastrointestinal diseases: Do we need a lone ranger or a 
dream team? Digestive and Liver Disease, 48(5), 562–564.

Borgdorff, P., & Tangelder, G. J. (2012). Migraine: Possible role of shear- 
induced platelet aggregation with serotonin release. Headache: The 
Journal of Head and Face Pain, 52(8), 1298–1318.

Bosi, A., Banfi, D., Bistoletti, M., Giaroni, C., & Baj, A. (2020). Tryptophan 
metabolites along the microbiota- gut- brain axis: An interkingdom 
communication system influencing the gut in health and disease. 
International Journal of Tryptophan Research, 13, 1178646920928984.

Brommage, R. (2015). Genetic approaches to identifying novel oste-
oporosis drug targets. Journal of Cellular Biochemistry, 116(10), 
2139–2145.

Brown, A., & Liu, H. (2021). Interaction between intestinal serotonin and 
the gut microbiome. International Journal of Anatomy and Physiology, 
7(04), 192–196.

Bruta, K., & Bhasin, K. (2021). The role of serotonin and diet in the 
prevalence of irritable bowel syndrome: A systematic review. 
Translational Medicine Communications, 6(1), 1–9.

Cao, Y. N., Feng, L. J., Wang, B. M., Jiang, K., Li, S., Xu, X., Wang, W. 
Q., Zhao, J. W., & Wang, Y. M. (2018). Lactobacillus acidophilus and 
Bifidobacterium longum supernatants upregulate the serotonin 
transporter expression in intestinal epithelial cells. Saudi Journal 
of Gastroenterology: Official Journal of the Saudi Gastroenterology 
Association, 24(1), 59–66.

Chen, C. M., Wu, C. C., Huang, C. L., Chang, M. Y., Cheng, S. H., Lin, 
C. T., & Tsai, Y. C. (2022). Lactobacillus plantarum PS128 promotes 

intestinal motility, mucin production, and serotonin signaling in 
mice. Probiotics and Antimicrobial Proteins, 14(3), 535–545.

Chen, Y., Xu, J., & Chen, Y. (2021). Regulation of neurotransmitters by the 
gut microbiota and effects on cognition in neurological disorders. 
Nutrients, 13(6), 2099.

D'andrea, G., Granella, F., Alecci, M., & Manzoni, G. C. (1998). Serotonin 
metabolism in cluster headache. Cephalalgia, 18(2), 94–96.

Dascalescu, D., & Apetrei, C. (2021). Nanomaterials based electrochem-
ical sensors for serotonin detection: A review. Chem, 2021(9), 14.

De Bortoli, N., Tolone, S., Frazzoni, M., Martinucci, I., Sgherri, G., Albano, 
E., Ceccarelli, L., Stasi, C., Bellini, M., Savarino, V., Savarino, E. 
V., & Marchi, S. (2018). Gastroesophageal reflux disease, func-
tional dyspepsia and irritable bowel syndrome: Common overlap-
ping gastrointestinal disorders. Annals of Gastroenterology, 31(6), 
639–648.

De La Fuente Barrigon, C. (2018). Dopamine and serotonin metabolism in 
parkinsonian models Doctoral dissertation. UCL (University College 
London).

El Aidy, S., Ramsteijn, A. S., Dini- Andreote, F., van Eijk, R., Houwing, D. J., 
Salles, J. F., & Olivier, J. D. (2017). Serotonin transporter genotype 
modulates the gut microbiota composition in young rats, an effect 
augmented by early life stress. Frontiers in Cellular Neuroscience, 11, 
222.

Engevik, M., Ruan, W., Visuthranukul, C., Shi, Z., Engevik, K. A., Engevik, 
A. C., Fultz, R., Schady, D. A., Spinler, J. K., & Versalovic, J. (2021). 
Limosilactobacillus reuteri ATCC 6475 metabolites upregulate 
the serotonin transporter in the intestinal epithelium. Beneficial 
Microbes, 12(6), 583–599.

Engevik, M. A., Luck, B., Visuthranukul, C., Ihekweazu, F. D., Engevik, A. 
C., Shi, Z., Danhof, H. A., Chang- Graham, A. L., Hall, A., Endres, B. 
T., Haidacher, S. J., Horvath, T. D., Haag, A. M., Devaraj, S., Garey, K. 
W., Britton, R. A., Hyser, J. M., Shroyer, N. F., & Versalovic, J. (2021). 
Human- derived Bifidobacterium dentium modulates the mamma-
lian serotonergic system and gut–brain axis. Cellular and Molecular 
Gastroenterology and Hepatology, 11(1), 221–248.

Everett, B. A., Tran, P., & Prindle, A. (2022). Toward manipulating sero-
tonin signaling via the microbiota–gut–brain axis. Current Opinion in 
Biotechnology, 78, 102826.

Findeisen, M., Allen, T. L., Henstridge, D. C., Kammoun, H., Brandon, A. 
E., Baggio, L. L., Watt, K. I., Pal, M., Cron, L., Estevez, E., Yang, C., 
Kowalski, G. M., O'Reilly, L., Egan, C., Sun, E., Thai, L. M., Krippner, 
G., Adams, T. E., Lee, R. S., … Febbraio, M. A. (2019). Treatment 
of type 2 diabetes with the designer cytokine IC7Fc. Nature, 
574(7776), 63–68.

Foster, J. A., & Neufeld, K. A. M. (2013). Gut–brain axis: How the micro-
biome influences anxiety and depression. Trends in Neurosciences, 
36(5), 305–312.

Fu, J., Ma, S., Li, X., An, S., Li, T., Guo, K., Lin, M., Qu, W., Wang, S., Dong, 
X., Han, X., Fu, T., Huang, H., Wang, T., & He, S. (2016). Long- term 
stress with hyperglucocorticoidemia- induced hepatic steatosis 
with VLDL overproduction is dependent on both 5- HT2 recep-
tor and 5- HT synthesis in liver. International Journal of Biological 
Sciences, 12(2), 219–234.

Fujii, K., Nakajo, K., Egashira, Y., Yamamoto, Y., Kitada, K., Taniguchi, K., 
Kawai, M., Tomiyama, H., Kawakami, K., Uchiyama, K., & & Ono, F. 
(2020). Gastrointestinal neurons expressing HCN4 regulate retro-
grade peristalsis. Cell Reports, 30(9), 2879–2888.

Gershon, M. D. (2013). 5- Hydroxytryptamine (serotonin) in the gas-
trointestinal tract. Current Opinion in Endocrinology, Diabetes, and 
Obesity, 20(1), 14–21.

Gu, Y., Wang, C., Qin, X., Zhou, B., Liu, X., Liu, T., Xie, R., Liu, J., Wang, B., 
& Cao, H. (2022). Saccharomyces boulardii, a yeast probiotic, inhibits 
gut motility through upregulating intestinal serotonin transporter 
and modulating gut microbiota. Pharmacological Research, 181, 
106291.

https://orcid.org/0000-0002-2100-6212
https://orcid.org/0000-0002-2100-6212
https://orcid.org/0000-0003-4389-4473
https://orcid.org/0000-0003-4389-4473
https://orcid.org/0000-0001-5340-4015
https://orcid.org/0000-0001-5340-4015
https://orcid.org/0000-0002-5335-1440
https://orcid.org/0000-0002-5335-1440
https://orcid.org/0000-0001-9612-1031
https://orcid.org/0000-0001-9612-1031
https://orcid.org/0000-0001-9047-9075
https://orcid.org/0000-0001-9047-9075


704  |    AKRAM et al.

Guevara, D. D. C., & Trejo, E. (2021). 5- HT2A, 5- HT1B/D, 5HT3 and 5- 
HT7 receptors as mediators of serotonin- induced direct contractile 
response of bovine airway smooth muscle. Journal of Smooth Muscle 
Research, 57, 79–93.

Guilmette, A. N. (2022). The neuroscience behind generalized anxiety disor-
der and the effect of various lifestyle factors. Arizona.

Gupta, R., Advani, D., Yadav, D., Ambasta, R. K., & Kumar, P. (2023). 
Dissecting the relationship between neuropsychiatric and neuro-
degenerative disorders. Molecular Neurobiology, 60, 1–54.

Guzel, T., & Mirowska- Guzel, D. (2022). The role of serotonin neurotrans-
mission in gastrointestinal tract and pharmacotherapy. Molecules, 
27(5), 1680.

Gwynne, R. M., & Bornstein, J. C. (2019). Luminal 5- HT4 receptors—A 
successful target for prokinetic actions. Neurogastroenterology & 
Motility, 31(10), e13708.

Habets, K. L., Huizinga, T. W., & Toes, R. E. (2013). Platelets and auto-
immunity. European Journal of Clinical Investigation, 43(7), 746–757.

Hadi, F., Kashefinejad, S., Kamalzadeh, L., Hoobehfekr, S., & Shalbafan, 
M. (2021). Glutamatergic medications as adjunctive therapy for 
moderate to severe obsessive- compulsive disorder in adults: A 
systematic review and meta- analysis. BMC Pharmacology and 
Toxicology, 22(1), 1–11.

Haq, S., Grondin, J. A., & Khan, W. I. (2021). Tryptophan- derived 
serotonin- kynurenine balance in immune activation and intestinal 
inflammation. The FASEB Journal, 35(10), e21888.

Hernandez- Barrueta, T. (2022). Psychobiotics, a special type of probiot-
ics, and their potential molecular mechanisms to ameliorate symp-
toms of stress and anxiety. Molecular Mechanisms of Functional 
Food, 28–56.

Inoue, T., Kusumi, I., & Yoshioka, M. (2002). Serotonin transporters. 
Current Drug Targets- CNS & Neurological Disorders, 1(5), 519–529.

Jones, L. A., Sun, E. W., Martin, A. M., & Keating, D. J. (2020). The ever- 
changing roles of serotonin. The International Journal of Biochemistry 
& Cell Biology, 125, 105776.

Karbownik, M. S., Kręczyńska, J., Wiktorowska- Owczarek, A., Kwarta, 
P., Cybula, M., Stilinović, N., Pietras, T., & Kowalczyk, E. (2022). 
Decrease in salivary serotonin in response to probiotic supple-
mentation with saccharomyces boulardii in healthy volunteers 
under psychological stress: Secondary analysis of a randomized, 
double- blind, placebo- controlled trial. Frontiers in Endocrinology, 
12, 800023.

Kim, S., Covington, A., & Pamer, E. G. (2017). The intestinal microbi-
ota: Antibiotics, colonization resistance, and enteric pathogens. 
Immunological Reviews, 279(1), 90–105.

Körtési, T., Spekker, E., & Vécsei, L. (2022). Exploring the tryptophan 
metabolic pathways in migraine- related mechanisms. Cell, 11(23), 
3795.

Kuramoto, H., Koo, A., Fothergill, L. J., Hunne, B., Yoshimura, R., 
Kadowaki, M., & Furness, J. B. (2021). Morphologies and distribu-
tions of 5- HT containing enteroendocrine cells in the mouse large 
intestine. Cell and Tissue Research, 384(2), 275–286.

Legan, T. B., Lavoie, B., & Mawe, G. M. (2022). Direct and indirect mech-
anisms by which the gut microbiota influence host serotonin sys-
tems. Neurogastroenterology & Motility, 34(10), e14346.

Lesurtel, M., Soll, C., Humar, B., & Clavien, P. A. (2012). Serotonin: A 
double- edged sword for the liver? The Surgeon, 10(2), 107–113.

Li, H., Liu, J., Zhang, X., Lai, Z., Gao, Z., & Song, C. (2019). Effect of 
5- hydroxytryptamine receptor in the lower esophageal sphincter 
regulation mechanism. Proceedings of Anticancer Research, 3(6). 
https:// doi. org/ 10. 26689/  par. v3i6. 1105

Li, H., Wang, P., Huang, L., Li, P., & Zhang, D. (2019). Effects of regulat-
ing gut microbiota on the serotonin metabolism in the chronic un-
predictable mild stress rat model. Neurogastroenterology & Motility, 
31(10), e13677.

Li, Z., Chalazonitis, A., Huang, Y. Y., Mann, J. J., Margolis, K. G., Yang, Q. 
M., Kim, D. O., Côté, F., Mallet, J., & Gershon, M. D. (2011). Essential 

roles of enteric neuronal serotonin in gastrointestinal motility and 
the development/survival of enteric dopaminergic neurons. Journal 
of Neuroscience, 31(24), 8998–9009.

Liu, N., Sun, S., Wang, P., Sun, Y., Hu, Q., & Wang, X. (2021). The 
mechanism of secretion and metabolism of gut- derived 
5- hydroxytryptamine. International Journal of Molecular Sciences, 
22(15), 7931.

Liu, Q., Tian, X., Maruyama, D., Arjomandi, M., & Prakash, A. (2021). Lung 
immune tone via gut- lung axis: Gut- derived LPS and short- chain 
fatty acids' immunometabolic regulation of lung IL- 1β, FFAR2, and 
FFAR3 expression. American Journal of Physiology- Lung Cellular and 
Molecular Physiology, 321(1), L65–L78.

Liu, R. T., Walsh, R. F., & Sheehan, A. E. (2019). Prebiotics and probiotics 
for depression and anxiety: A systematic review and meta- analysis 
of controlled clinical trials. Neuroscience & Biobehavioral Reviews, 
102, 13–23.

Liu, W. H., Chuang, H. L., Huang, Y. T., Wu, C. C., Chou, G. T., Wang, S., 
& Tsai, Y. C. (2016). Alteration of behavior and monoamine levels 
attributable to lactobacillus plantarum PS128 in germ- free mice. 
Behavioural Brain Research, 298, 202–209.

Lu, Y., Zhang, Z., Liang, X., Chen, Y., Zhang, J., Yi, H., Liu, T., Yang, L., Shi, 
H., & Zhang, L. (2019). Study of gastrointestinal tract viability and 
motility via modulation of serotonin in a zebrafish model by probi-
otics. Food & Function, 10(11), 7416–7425.

Lund, M. L., Egerod, K. L., Engelstoft, M. S., Dmytriyeva, O., Theodorsson, 
E., Patel, B. A., & Schwartz, T. W. (2018). Enterochromaffin 5- HT 
cells—A major target for GLP- 1 and gut microbial metabolites. 
Molecular Metabolism, 11, 70–83.

Ma, N., & Ma, X. (2019). Dietary amino acids and the gut- microbiome- 
immune axis: Physiological metabolism and therapeutic prospects. 
Comprehensive Reviews in Food Science and Food Safety, 18(1), 
221–242.

Mahesh, R., Ilangovan, P., Nongbri, D., & Suchiang, K. (2021). Probiotics 
interactions and the modulation of major signalling pathways 
in host model organism Caenorhabditis elegans. Indian Journal of 
Microbiology, 61(4), 404–416.

Mailhe, M., Ricaboni, D., Vitton, V., Gonzalez, J. M., Bachar, D., Dubourg, 
G., Cadoret, F., Robert, C., Delerce, J., Levasseur, A., Fournier, P.- E., 
Angelakis, E., Lagier, J.- C., & Raoult, D. (2018). Repertoire of the 
gut microbiota from stomach to colon using culturomics and next- 
generation sequencing. BMC Microbiology, 18(1), 1–11.

Malard, F., Dore, J., Gaugler, B., & Mohty, M. (2021). Introduction to host 
microbiome symbiosis in health and disease. Mucosal Immunology, 
14(3), 547–554.

Margolis, K. G. (2017). A role for the serotonin reuptake transporter 
in the brain and intestinal features of autism spectrum disorders 
and developmental antidepressant exposure. Journal of Chemical 
Neuroanatomy, 83, 36–40.

Martin, A. M., Young, R. L., Leong, L., Rogers, G. B., Spencer, N. J., Jessup, 
C. F., & Keating, D. J. (2017). The diverse metabolic roles of periph-
eral serotonin. Endocrinology, 158(5), 1049–1063.

Martins, J., & Brijesh, S. (2018). Phytochemistry and pharmacology 
of anti- depressant medicinal plants: A review. Biomedicine & 
Pharmacotherapy, 104, 343–365.

Moon, J. H., Oh, C. M., & Kim, H. (2022). Serotonin in the regulation 
of systemic energy metabolism. Journal of Diabetes Investigation, 
13(10), 1639–1645.

Naoi, M., Maruyama, W., & Shamoto- Nagai, M. (2018). Type A mono-
amine oxidase and serotonin are coordinately involved in depres-
sive disorders: From neurotransmitter imbalance to impaired neu-
rogenesis. Journal of Neural Transmission, 125, 53–66.

Ng, Q. X., Soh, A. Y. S., Loke, W., Lim, D. Y., & Yeo, W. S. (2018). The 
role of inflammation in irritable bowel syndrome (IBS). Journal of 
Inflammation Research, 11, 345–349.

Noble, E. E., Hsu, T. M., & Kanoski, S. E. (2017). Gut to brain dysbiosis: 
Mechanisms linking western diet consumption, the microbiome, 

https://doi.org/10.26689/par.v3i6.1105


    |  705AKRAM et al.

and cognitive impairment. Frontiers in Behavioral Neuroscience, 9, 
1–11.

O'Mahony, S. M., Clarke, G., Borre, Y. E., Dinan, T. G., & Cryan, J. F. (2015). 
Serotonin, tryptophan metabolism and the brain- gut- microbiome 
axis. Behavioral Brain Research, 277, 32–48.

Papadimas, G. K., Tzirogiannis, K. N., Mykoniatis, M. G., Grypioti, A. D., 
Manta, G. A., & Panoutsopoulos, G. I. (2012). The emerging role of 
serotonin in liver regeneration. Swiss Medical Weekly, 1, 1–6.

Prah, A., Purg, M., Stare, J., Vianello, R., & Mavri, J. (2020). How mono-
amine oxidase a decomposes serotonin: An empirical valence bond 
simulation of the reactive step. The Journal of Physical Chemistry B, 
124(38), 8259–8265.

Pretorius, L., & Smith, C. (2020). The trace aminergic system: A gender- 
sensitive therapeutic target for IBS? Journal of Biomedical Science, 
27(1), 1–19.

Prochazkova, P., Roubalova, R., & Papezova, H. (2023). Central modu-
lators of appetite in eating disorders. In Eating disorders: An in-
ternational comprehensive view (pp. 1–22). Springer International 
Publishing.

Reigstad, C. S., Salmonson, C. E., Rainey, J. F., III, Szurszewski, J. H., 
Linden, D. R., Sonnenburg, J. L., Farrugia, G., & Kashyap, P. C. (2015). 
Gut microbes promote colonic serotonin production through an ef-
fect of short- chain fatty acids on enterochromaffin cells. The FASEB 
Journal, 29(4), 1395–1403.

Roth, W., Zadeh, K., Vekariya, R., Ge, Y., & Mohamadzadeh, M. (2021). 
Tryptophan metabolism and gut- brain homeostasis. International 
Journal of Molecular Sciences, 22(6), 2973.

Sajedi, D., Shabani, R., & Elmieh, A. (2021). Changes in leptin, serotonin, 
and cortisol after eight weeks of aerobic exercise with probiotic 
intake in a cuprizone- induced demyelination mouse model of multi-
ple sclerosis. Cytokine, 144, 155590.

Sanders, M. E., Merenstein, D. J., Reid, G., Gibson, G. R., & Rastall, R. 
A. (2019). Probiotics and prebiotics in intestinal health and dis-
ease: From biology to the clinic. Nature Reviews Gastroenterology & 
Hepatology, 16(10), 605–616.

Sato, H., & Grover, M. (2022). Gastroparesis and functional dyspepsia: 
Spectrum of gastroduodenal neuromuscular disorders or unique 
entities? Gastro Hep Advances, 2(3), 438–448.

Segal, J. P., Mak, J. W., Mullish, B. H., Alexander, J. L., Ng, S. C., & 
Marchesi, J. R. (2020). The gut microbiome: An under- recognised 
contributor to the COVID- 19 pandemic? Therapeutic Advances in 
Gastroenterology, 13, 1756284820974914.

Settanni, C. R., Ianiro, G., Bibbò, S., Cammarota, G., & Gasbarrini, A. 
(2021). Gut microbiota alteration and modulation in psychiatric 
disorders: Current evidence on fecal microbiota transplantation. 
Progress in Neuro- Psychopharmacology and Biological Psychiatry, 109, 
110258.

Shajib, M. S., & Khan, W. I. (2015). The role of serotonin and its recep-
tors in activation of immune responses and inflammation. Acta 
Physiologica, 213(3), 561–574.

Shokrollahi, M., Chen, J. H., & Huizinga, J. D. (2019). Intraluminal pruca-
lopride increases propulsive motor activities via luminal 5- HT4 re-
ceptors in the rabbit colon. Neurogastroenterology & Motility, 31(10), 
e13598.

Sia, T. C., Flack, N., Robinson, L., Kyloh, M., Nicholas, S. J., Brookes, S. J., 
Wattchow, D. A., Dinning, P., Oliver, J., & Spencer, N. J. (2013). Is se-
rotonin in enteric nerves required for distension- evoked peristalsis 
and propulsion of content in Guinea- pig distal colon? Neuroscience, 
240, 325–335.

Songtachalert, T., Roomruangwong, C., Carvalho, A. F., Bourin, M., & 
Maes, M. (2018). Anxiety disorders: Sex differences in serotonin 
and tryptophan metabolism. Current Topics in Medicinal Chemistry, 
18(19), 1704–1715.

Spear, E. T., & Mawe, G. M. (2019). Enteric neuroplasticity and dysmotil-
ity in inflammatory disease: Key players and possible therapeutic 

targets. American Journal of Physiology- Gastrointestinal and Liver 
Physiology, 317(6), G853–G861.

Spencer, N. J., & Keating, D. J. (2022). Role of 5- HT in the enteric nervous 
system and enteroendocrine cells. British Journal of Pharmacology, 
1–13.

Stasi, C., Bellini, M., Bassotti, G., Blandizzi, C., & Milani, S. (2014). 
Serotonin receptors and their role in the pathophysiology and ther-
apy of irritable bowel syndrome. Techniques in Coloproctology, 18(7), 
613–621.

Stasi, C., Milani, S., & Galli, A. (2021). Gut- liver the role of serotonin 
and its pathways in hepatic fibrogenesis. In The complex inter-
play between gut- brain, gut- liver, and liver- brain axes (pp. 129–155). 
Academic Press.

Sun, E. W., Martin, A. M., Young, R. L., & Keating, D. J. (2019). The regu-
lation of peripheral metabolism by gut- derived hormones. Frontiers 
in Endocrinology, 9, 754.

Tada, Y., Ishihara, S., Kawashima, K., Fukuba, N., Sonoyama, H., Kusunoki, 
R., Oka, A., Mishima, Y., Oshima, N., Moriyama, I., Yuki, T., Ishikawa, 
N., Araki, A., Harada, Y., Maruyama, R., & Kinoshita, Y. (2016). 
Downregulation of serotonin reuptake transporter gene expres-
sion in healing colonic mucosa in presence of remaining low- grade 
inflammation in ulcerative colitis. Journal of Gastroenterology and 
Hepatology, 31(8), 1443–1452.

Tonini, M., & De Ponti, F. (2020). Serotonin modulation of gastrointes-
tinal motility. In Serotonin and gastrointestinal function (pp. 53–84). 
CRC Press.

Ugwu, J. A., Liu, M., Sun, H., & Asiegbu, F. O. (2020). Microbiome of the 
larvae of Spodoptera frugiperda (JE Smith) (Lepidoptera: Noctuidae) 
from maize plants. Journal of Applied Entomology, 144(9), 764–776.

Vicenzi, S. (2021). Deciphering the role of serotonin in brain circuit forma-
tion. Doctoral dissertation. University of Tasmania.

Vijay, A., & Valdes, A. M. (2022). Role of the gut microbiome in chronic 
diseases: A narrative review. European Journal of Clinical Nutrition, 
76(4), 489–501.

Von Volkmann, H. L., Brønstad, I., Fiskerstrand, T., & Gudbrandsen, O. A. 
(2019). Comparison of pre- analytical conditions for quantification 
of serotonin in platelet- poor plasma. Practical Laboratory Medicine, 
17, e00136.

Wallace, C. J., & Milev, R. (2017). The effects of probiotics on depres-
sive symptoms in humans: A systematic review. Annals of General 
Psychiatry, 16(1), 1–10.

Wang, B. M., Wang, Y. M., Zhang, W. M., Zhang, Q. Y., Liu, W. T., Jiang, 
K., & Zhang, J. (2004). Serotonin transporter gene polymorphism in 
irritable bowel syndrome. Zhonghua Nei Ke Za Zhi, 43(6), 439–441.

Wang, L. N., Wang, X. Z., Li, Y. J., Li, B. R., Huang, M., Wang, X. Y., 
Grygorczyk, R., Ding, G. H., & Schwarz, W. (2022). Activation of 
subcutaneous mast cells in acupuncture points triggers analgesia. 
Cell, 11(5), 809.

Wang, Y. M., Ge, X. Z., Wang, W. Q., Wang, T., Cao, H. L., Wang, B. L., & 
Wang, B. M. (2015). Lactobacillus rhamnosus GG supernatant up-
regulates serotonin transporter expression in intestinal epithelial 
cells and mice intestinal tissues. Neurogastroenterology & Motility, 
27(9), 1239–1248.

Wauters, L., Dickman, R., Drug, V., Mulak, A., Serra, J., Enck, P., Tack, 
J., ESNM FD Consensus Group, Accarino, A., Barbara, G., Bor, S., 
Coffin, B., Corsetti, M., De Schepper, H., Dumitrascu, D., Farmer, 
A., Gourcerol, G., Hauser, G., Hausken, T., … Zerbib, F. (2021). 
United European Gastroenterology (UEG) and European Society 
for Neurogastroenterology and Motility (ESNM) consensus on 
functional dyspepsia. Neurogastroenterology & Motility, 33(9), 
e14238.

Westfall, S., Lomis, N., Kahouli, I., Dia, S. Y., Singh, S. P., & Prakash, S. 
(2017). Microbiome, probiotics and neurodegenerative diseases: 
Deciphering the gut- brain axis. Cellular and Molecular Life Sciences, 
74(20), 3769–3787.



706  |    AKRAM et al.

Yabut, J. M., Crane, J. D., Green, A. E., Keating, D. J., Khan, W. I., & 
Steinberg, G. R. (2019). Emerging roles for serotonin in regulating 
metabolism: New implications for an ancient molecule. Endocrine 
Reviews, 40(4), 1092–1107.

Yaghoubfar, R., Behrouzi, A., Ashrafian, F., Shahryari, A., Moradi, H. 
R., Choopani, S., Hadifar, S., Vaziri, F., Nojoumi, S. A., Fateh, A., 
Khatami, S., & Siadat, S. D. (2020). Modulation of serotonin signal-
ing/metabolism by Akkermansia muciniphila and its extracellular 
vesicles through the gut- brain axis in mice. Scientific Reports, 10(1), 
1–12.

Yano, J. M., Yu, K., Donaldson, G. P., Shastri, G. G., Ann, P., Ma, L., Nagler, 
C. R., Ismagilov, R. F., Mazmanian, S. K., & Hsiao, E. Y. (2015). 
Indigenous bacteria from the gut microbiota regulate host sero-
tonin biosynthesis. Cell, 161(2), 264–276.

Yeung, K. T. D., Penney, N., Whiley, L., Ashrafian, H., Lewis, M. R., 
Purkayastha, S., Darzi, A., & Holmes, E. (2022). The impact of bar-
iatric surgery on serum tryptophan–kynurenine pathway metabo-
lites. Scientific Reports, 12(1), 1–12.

Yong, S. J., Tong, T., Chew, J., & Lim, W. L. (2020). Antidepressive mech-
anisms of probiotics and their therapeutic potential. Frontiers in 
Neuroscience, 1361, 13.

Young, R. L., Lumsden, A. L., Martin, A. M., Schober, G., Pezos, N., 
Thazhath, S. S., Isaacs, N. J., Cvijanovic, N., Sun, F. W. L., Wu, 

T., Rayner, C. K., Nguyen, N. Q., de Fontgalland, D., Rabbitt, P., 
Hollington, P., Sposato, L., Due, S. L., Wattchow, D. A., Liou, A. P., … 
Keating, D. J. (2018). Augmented capacity for peripheral serotonin 
release in human obesity. International Journal of Obesity, 42(11), 
1880–1889.

Zhang, Y., Deng, R., Yang, X., Xu, W., Liu, Y., Li, F., Zhang, J., Tang, H., Ji, 
X., Bi, Y., Wang, X., Zhou, L., & Ning, G. (2017). Glucose potentiates 
β- cell function by inducing Tphl expression in rat islets. The FASEB 
Journal, 31(12), 5342–5355.

How to cite this article: Akram, N., Faisal, Z., Irfan, R., Shah, Y. 
A., Batool, S. A., Zahid, T., Zulfiqar, A., Fatima, A., Jahan, Q., 
Tariq, H., Saeed, F., Ahmed, A., Asghar, A., Ateeq, H., Afzaal, 
M., & Khan, M. R. (2024). Exploring the serotonin- probiotics- 
gut health axis: A review of current evidence and potential 
mechanisms. Food Science & Nutrition, 12, 694–706. https://
doi.org/10.1002/fsn3.3826

https://doi.org/10.1002/fsn3.3826
https://doi.org/10.1002/fsn3.3826

	Exploring the serotonin-probiotics-gut health axis: A review of current evidence and potential mechanisms
	Abstract
	1|INTRODUCTION
	2|SYNTHESIS AND METABOLISM OF SEROTONIN
	3|ROLE OF SEROTONIN IN CNS AND GI FUNCTIONS
	4|SEROTONIN AND GUT–BRAIN AXIS
	5|GUT MICROBIOTA REGULATE SEROTONIN TRANSMISSION
	6|SEROTONIN AND GASTROINTESTINAL DISORDERS
	6.1|Inflammatory bowel syndrome
	6.2|Functional dyspepsia
	6.3|Celiac disease

	7|SEROTONIN AND BRAIN DISORDERS
	8|PROBIOTICS PROMOTE SEROTONIN SIGNALING
	9|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


