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Abstract

Neurological disorders involve complex interactions between neurotransmitters
and immune signaling pathways, with serotonin (5-HT) and interleukins (ILs) playing
crucial roles. This review explores the mixed pathway of 5-HT-IL signaling and its
involvement in the pathophysiology of neurodegenerative and neuropsychiatric
conditions. Dysregulated 5-HT and IL signaling has been implicated in Alzheimer’s
disease, Parkinson’s disease, Huntington'’s disease, depression, anxiety, schizophrenia,
autism spectrum disorder, and attention-deficit/hyperactivity disorder. 5-HT
influences neuroinflammation, synaptic plasticity, and cognitive function, while
ILs regulate immune responses and neuronal survival. Their interplay modulates
neurotransmission,  neuroinflammation, and neurodegeneration through
mechanisms, such as cytokine-mediated 5-HT depletion and 5-HT receptor regulation.
Understanding the 5-HT-IL pathway offers new insights into disease progression and
potential therapeutic strategies, including selective 5-HT reuptake inhibitors, cytokine
inhibitors, and combination therapies targeting neuroimmune interactions.

Keywords: Neurological disorders; Serotonin pathway; Interleukin signaling;
Neuroinflammation; Neurodegeneration

1. Introduction

Serotonin (5-HT) and interleukin (IL) possess significant roles in different physiological
functions. 5-HT increases the release of several pro-inflammatory cytokines, including
IL-1 and IL-6, and it has a profound impact on the body’s immunity, cardiac rate,
respiratory drive, vascular tone, hemostasis, and cell proliferation.! Moreover, 5-HT is
crucial for intestinal secretion, visceral sensitivity, gastrointestinal (GI) motility,” and
the modulation of the sleep-wake cycle.’ In both inflammatory and adaptive immune
responses, ILs play a crucial role in regulating the activation, differentiation, and
proliferation of immune cells.* IL-6 mediates the activation of T cells and B cells and
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participatesinbothinnate and adaptive immune responses.’
Furthermore, IL-10, an anti-inflammatory cytokine,
is involved in 5-HT modulation through regulation of
serotonin transporters (SERT) and by increasing 5-HT
reuptake receptor expression.® Collectively, 5-HT and IL
play critical roles in the central nervous system (CNS)
and are implicated in neurological diseases, including
Alzheimer’s disease (AD), Parkinsons disease (PD),”®
Huntington’s disease (HD), depression, anxiety, aggressive
behavior, and stress, and are also involved in physiological
processes, such as blood pressure regulation, peristaltic
movements, and heart rate.*'?

In AD, 5-HT and IL influence the production and
clearance of amyloid beta (AP) aggregates and tau
pathology. According to the amyloid cascade hypothesis,
the etiology of AD is initiated by deposition of AP,
followed by tau pathology, neuronal death, and clinical
manifestations.”” The neurotransmitter 5-HT is essential
for regulating the synthesis and removal of Af through
receptors, such as 5-HT2R, 5-HT4R, and 5-HT6R."
Moreover, IL-1 is implicated in exacerbating AP burden,
particularly in patients with a history of head trauma.
IL-1B also stimulates the synthesis of IL-6, which, in
turn, activates cyclin-dependent kinase 5 and contributes
to tau hyperphosphorylation."** Dysregulated 5-HT
and IL signaling disrupts the balance of AP generation
and clearance systems, therefore leading to neurotoxic
plaque formation and toxic AP species deposition.'® The
second feature of AD is the abnormal phosphorylation
of tau protein and its clustering in neurofibrillary tangles
(NFTs). As mentioned previously, 5-HT and IL have been
associated with tau pathology, affecting the processes
of tau accumulation and phosphorylation.”” Aberrant
5-HT and IL signaling can aggravate neuronal damage
and loss by promoting abnormal tau phosphorylation
and interfering with tau clearance mechanisms, therefore
underpinning tau pathology.’® AD is also characterized by
long-term activation of microglia and astrocytes, a signal
for persistent neurological inflammation.” By intensifying
chronic neurological inflammation, 5-HT and IL influence
the blood-brain barrier (BBB) and neuronal survival. In
AD, reduced 5-HT and IL signaling compounds neural
inflammation by generating reactive oxygen species (ROS)
and pro-inflammatory cytokines, which exacerbate neuronal
impairments and limit cognitive capabilities.” Along with
5-HT, IL may alter the BBB, therefore regulating the flow
of immune system molecules and compounds between
the neurological and circulating systems. Abnormally low
levels of 5-HT and IL in AD weaken the BBB, thereby
allowing immune cells and inflammatory compounds from
outside the brain to penetrate and exacerbate neuronal
inflammation and neuronal damage.?'*

Moreover, 5-HT and IL play complex roles in the
survival of neurons and the regulation of synapse
plasticity. While acute 5-HT and IL signaling can enhance
synaptic plasticity and provide neural protection,
abnormal or sustained signaling may lead to synapse
loss and neurodegeneration. Imbalances in 5-HT and
IL signaling disrupt the balance between neuronal
survival and death, causing neurodegeneration in AD
pathology.*** Dysregulated 5-HT and IL signaling also
produce a myriad of undesirable effects in HD, which
is characterized by impairment of motor function, loss
of memory, and symptoms, such as schizophrenia.”!*
Excitotoxicity, caused by overstimulation of glutamate
receptors leading to neuronal death, is initially involved
in HD pathology. 5-HT and IL increase excitotoxicity
by promoting the release of glutamate and inhibiting its
reuptake.?** 5-HT and IL signaling has been strongly
implicated in PD, a progressive neurodegenerative illness
associated with both non-motor symptoms (mood
changes, memory impairment) and motor symptoms
(bradykinesia, rigidity, and tremor).'”?!** Moreover, the
toxic accumulation of neuronal iron triggered by 5-HT
and IL-induced cellular iron sequestration response
promotes o-synuclein-mediated neurodegeneration.*
Although the specific roles of 5-HT and IL in PD remain
complex, new evidence indicates their involvement in
a number of aspects of the disease’s pathophysiology.
Neuroinflammation is a major causative factor in PD,
with disrupted 5-HT and IL signaling contributing to
the sustained inflammatory profile of the disease. The
elevated levels of 5-HT and IL observed in the brain
tissues and cerebrospinal fluid (CSF) of PD patients
corroborate this association.”’*” Neurological illness
and neuropsychiatric disorders are significantly affected
by changes in the pathophysiology of the serotonergic
system. 5-HT is critically involved in the regulation
of stress, anxiety, and aggression. Dysregulation of
5-HT neurotransmission has been implicated in the
pathophysiology ~ of  attention-deficit/hyperactivity
disorder (ADHD), autism spectrum disorder (ASD),
amyotrophic lateral sclerosis (ALS), multiple sclerosis
(MS), migraine, epilepsy, and AD.*! Similarly, cytokines
are necessary for regulating the immune system and
facilitating communication between cells, particularly
through ILs.*? They coordinate immune responses to
infection and inflammation, promote tissue repair, and
play an essential role in neurodegenerative disease. ILs are
secreted by several immune cells, such as macrophages
and leukocytes.*” This review examines interactions
between 5-HT and ILs during the development,
progression, and potential management of neurological
and psychiatric disorders.
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2, 5-HT in neurological disorders

The neurotransmitter 5-HT is a key regulator of
serotonergic neurons and is important in mediating
neural activity. The CNS critically relies on 5-HT for its
proper development and function. The disruption of 5-HT
level is associated with epilepsy, migraine, MS, PD, and
ALS.* Migraine, a frequent primary headache condition
affecting approximately one in eleven adults worldwide, is
characterized by abnormalities in serotonergic pathways.
Biogenic amines, such as catecholamines and 5-HT, aid
in the regulation of autonomic processes, including blood
pressure. Alterations in the 5-HT pathway could also be
involved in the pathophysiology of ALS. Studies show that
hyperactivity could be partially attributed to alterations in
the accessibility and metabolism of 5-HT.*

2.1. Synthesis and release of 5-HT

The CNS serotonergic neuronal system, the alimentary
tract, and thrombocyte—where 5-HT is preserved—
are the initial locations for 5-HT. 5-HT functions as an
endogenous chemical in addition to a neurotransmitter.
However, a large percentage of 5-HT is synthesized by
enterochromaffin (EC) cells, also known as Kulchitsky
cells, found in the mucous membrane. The stomach, the
biggest endocrine organ in the human body, produces
approximately 95% of all 5-HT. Acetylcholine (Ach), neural
activation, and a rise in stress within the intestinal lumen
can all trigger its release. 5-HT is liberated into the mucous
membranes and the intestinal lumen, which contains
dendritic cells, T lymphocytes, and other immune cells.!
Tryptophan is a necessary amino acid that is obtained
from the diet and is converted into 5-HT in two steps.
Tryptophan hydroxylase (TPH) hydroxylates tryptophan
to 5-hydroxytryptophan (5-HTP), the initial and rate-
limiting enzymatic step. EC cells contain the TPHI
isoform, while central and enteric neurons contain the
TPH2 isoform. An aromatic L-amino acid decarboxylase
then converts it to 5-HT. Cytoplasmic vesicles, in which
5-HT is sequestered, prevent monoamine oxidase (MAQO)
from breaking it down quickly. The vesicular monoamine
transporter then encapsulates 5-HT into vesicles. 5-HT
is transported through the SERT into platelets, which are
the primary storage site for 5-HT, and into presynaptic
terminals in the CNS. 5-hydroxy indole acetic acid
(5-HIAA), produced by MAO-mediated degradation
of 5-HT, is primarily excreted in the urine. The SERT is
located in the peripheral and pulmonary vessels and the
GI tract.** 5-HT in the CNS is synthesized by neurons in
the raphe nuclei of the brain (Figure 1). In addition to
regulating a variety of behavioral expressions, including
mood, perception, memory, and stress responses, 5-HT
also affects body temperature, circadian cycles, and emesis.

However, 5-HT is mostly found outside the CNS, where it
affects key organ processes, such as heart rate, respiratory
drive, vasoconstriction, intestinal motility, and secretion.
In addition, 5-HT is necessary for endocrine secretion,
energy balance, metabolic processes, glucose homeostasis,
and lipid metabolism. 5-HT also promotes the repair of
physiological organs, such as the liver after resection when
its volume is lost (Table 1).%

3. Role of 5-HT in mood regulation and
cognitive function

3.1. Mood regulation

One of the main signs of depression, an emotional
disorder that affects 20% of the global population and a
primary cause of impairment worldwide, is low mood.®
Antidepressants, initially selective serotonin reuptake
inhibitors (SSRIs) or combination serotonin/noradrenaline
reuptake inhibitors, are the main therapeutic agents used
to manage depression.”® These medications are believed
to act partly by increasing monoamine levels in synapses,
mainly noradrenaline and 5-HT, which in turn activate
serotonergic and noradrenergic postsynaptic and auto-
receptor.® While monoamine oxidase inhibitors (MAQIs)
and tricyclic antidepressants (TCAs) shown effectiveness in
managing depression in the mid-20" century, the medicinal
advantages of elevated monoamine levels led to the
development of the monoamine theory, which postulated
that a lack of these chemical messengers was a cause of
depression.®® Nevertheless, individuals with mild to severe
depression are only marginally helped by antidepressants,
with response rates of roughly 48% compared to 30% for
placebo.®®s” The monoamine theory significantly addresses
depression.®® The acute tryptophan depletion (ATD)
approach has been used to investigate the effect of 5-HT on
mood by lowering dietary tryptophan levels, which reduces
brain 5-HT levels, allowing analysis of 5-HT-dependent
activity.”” Research on tryptophan deficiency in individuals
without a history of depression varies and shows little to
no overall impact on mood reduction.” Intriguingly, some
research, including healthy women, indicates modest
mood reductions more frequently than studies involving
healthy men.”> Conversely, the ATD method produces
measurable anomalies in mood regulation* among
healthy individuals with no history of depression but
with a genetic risk factor for depression. Even temporary
lowering of tryptophan levels can trigger a relapse of
serious depression in previously depressed patients, as
well as a temporary increase in symptoms linked with
serotonergic antidepressant use.””” Furthermore, while
low 5-HT can lead to depressed mood, it is not sufficient
on its own. It is likely interacts with other factors, such
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Table 1. 5-HT receptors and their functions

Receptor Function References
5-HT1A, 1B, 1. These receptors lead to adenylyl cyclase inhibition and diminished synthesis of cCAMP as the prominent functional outcome. 48,49
1D, 1E,1F 2. These receptors are further blocked by pertussis toxin, which prevents dissociation between the Ga and Gy subunits.

5-HT2A It is likely the main target of potent psychoactive chemicals known as psychedelics, including hallucinogens, such as LSD. 50,51
5-HT2B The primary role of this receptor is to coordinate the development of the proper form for vital structures, such as the heart 52-54

and brain.
5-HT2C It could regulate the transport of ions between the brain and CSE 55,56
5-HT4 1. This receptor plays a critical role in peripheral functions, especially in the intestine. It is occurred in EC cells and enteric 57,58
neurons.

2. Activation of 5-HT4 stimulates Ach release and promotes colon relaxation.

5-HT6 This receptor may be implicated in mediating part of the antidepressant effects of SSRI. 59,60

5-HT7 One of the most interesting potential areas of 5-HT7 receptor activity is in depression. 61

Abbreviations: 5-HT: 5-hydroxytryptamine; Ach: Acetylcholine; cAMP: Cyclic adenosine monophosphate; CSF: Cerebrospinal fluid;
EC: Enterochromaffin; LSD: Lysergic acid diethylamide; SSRI: Selective serotonin reuptake inhibitor.

A B

Serotonin pathway SSRI mechanism

¢ Common SSRIs

B\ / e Citalopram
Ventromedial prefrontal A \ X e Escitalopram
cortex (vmPFC)
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[] rRaphe nuclei \ ¢ Fluoxetine
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o—{ Neural pathway

Figure 1. An overview of 5-HT pathways and the mechanistic action of SSRIs. (A) Anatomical representation of serotonergic pathways originating from
the raphe nuclei (highlighted in green) and projecting to key brain regions, including the vmPFC (shown in orange). These neural circuits play critical
roles in mood regulation and emotional processing. (B) Mechanistic illustration of SSRIs at the synaptic level. SSRIs inhibit the SERT, thereby inhibiting
the reuptake of 5-HT into the presynaptic terminal, which increases extracellular 5-HT concentrations and enhances serotonergic neurotransmission.
(C) Commonly prescribed SSRIs, including citalopram, escitalopram, paroxetine, fluoxetine, and sertraline, which are extensively employed in the
management of MDD and related psychiatric conditions. Image created by the authors.

Abbreviations: 5-HT: Serotonin; MDD: Major depressive disorders; SERT: Serotonin transporter; SSRIs: Selective serotonin reuptake inhibitors; vmPFC:
Ventromedial prefrontal cortex.

as neurotransmitters or genetic components, to produce Numerous subclasses of 5-HT receptors have been linked to
mood reductions. recall and cognition as putative pharmaceutical treatments
for promoting or augmenting cognition. According to
cumulative evidence, administration of 5-HT2A/2C or
The serotonergic system influences functions that require 5-HT4 receptor agonists, or 5-HT1A, 5-HT3, and 5-HT1B
significant cognitive processing. 5-HT receptors are present receptor antagonists, helps individuals to learn and resist
in the grey matter, amygdaloid nucleus, and Ammon’s horn, memory loss under conditions of high cognitive demands.
regions of the brain linked with memory and learning.® On the other hand, 5-HT1A, 5-HT3, and 5-HT1B agonists,

3.2. Cognitive function
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or 5-HT2A/2C and 5-HT4 receptor antagonists, typically
impair learning and memory®® It remains unclear
whether 5-HT modulates cognitive activity through
particular implications on memory, executive function,
and learning, although the selective functions of various
5-HT receptor subtypes in cognition may be partly
responsible.” Experimentally lowering brain 5-HT levels
through tryptophan depletion has helped to clarify the
function of 5-HT in many learning processes.

3.3. 5-HT dysregulation in neurological disorders
(e.g., depression, anxiety, and PD)

Numerous symptoms of depression, including mood,
sexual functioning, appetite, sleep disturbances, and
diurnal rhythms, have been attributed to serotonergic
abnormalities.”®¥ Serotonergic dysfunctions in blood
platelets, plasma, and CSF of depressed patients, as well as
in autopsy samples of individuals who died by suicide, are
evidenced in a large body of research. The majority of these
patients are thought to have been suffering from severe
depression or bipolar depression before their deaths.®*
Reduced 5-HT synthesis in depression has also been linked
to normal or reduced levels of 5-HIAA, the principal
metabolic product of 5-HT, in depressed patients or in
those who attempted suicide.®®*! The response to cortisol
of 5-HTP was correlated with the level of depression, likely
due to an upregulation of 5-HT?2 receptors associated with
a 5-HT deficit. While there is strong evidence for extensive
cholinergic dysfunction in AD, cholinergic system-specific
therapies have not been successful. A cholinergic theory of
ADmemorydisturbancewasproposedbased on presynaptic
cholinergic deficiencies consistently reported in previous
post-mortem investigations in AD.**** It is still unclear
how deficiencies in cholinergic and other neurotransmitter
pathways relate to the mental and behavioral symptoms of
AD, but post-mortem literature strongly indicates direct
involvement of the 5-HT system. First, post-mortem AD
brains have been demonstrated to exhibit reduced 5-HT
levels and those of its metabolites.”” 5-HT reuptake sites in
the temporal cortex are also reduced in early AD patients,
suggesting a loss of serotonergic nerve endings, consistent
with the lower 5-HT and metabolite levels.”* Second, NFT
formation and neuronal loss in AD preferentially occur
in the raphe nucleus, a region with high serotonergic
neuronal activity.” Finally, since 5-HT2A receptors are
more selectively affected than 5-HT1A receptors, this
points to a reduction in cortical 5-HT receptors found
in cholinergic nerve terminals of the hippocampus and
cortex, which are linked to the 5-HT2A receptor.”*® Since
other neurotransmitter systems, including opioid, gamma-
aminobutyric acid, o1, o2, and B-adrenergic systems, are
unaffected or minimally affected, serotonergic malfunction

in AD appears to be an isolated phenomenon rather
than a result of generalized cortical degeneration.”'®
It is still unclear whether the common co-occurrence of
depression and impairments in 5-HT cell number and
neurotransmission in AD are related.'”**> Nonetheless, it
seems that the behavioral features of AD are closely related
to serotonergic impairment.'”'” Using [*H] paroxetine
and autoradiography, evidence shows a reduction of 5-HT
reuptake sites in the lateral but not frontal regions of AD
brains, and such reductions were significant in AD subjects
whose depressive symptoms persisted in both sites. In a
small sample of AD patients with a history of depression
who had committed suicide, a reduction in post-mortem
imipramine binding was discovered.' Similarly, AD
patients who had significant depressive symptoms in their
lives showed reduced paroxetine interaction at orbitofrontal
and posterior cortex 5-HT reuptake sites. Apart from
depressive symptoms, serotonergic impairment has been
explicitly associated with several behavioral aspects of
AD. Only AD patients who exhibited pronounced violent
behavior were shown to have diminished 5-HT levels in
the inferior frontal cortex.'” Substantial drops in 5-HT
and higher rates of senile plaques in the prosubiculum have
been linked to psychosis.'® In addition, compared to non-
agitated individuals or normal elderly controls, agitated or
delusional AD patients demonstrated noticeably decreased
platelet 5-HT reuptake site binding densities.'” Therefore,
AD patients who exhibit aggressiveness and depressive
symptoms appear to have more severe 5-HT deficiencies.

4. 1Ls in neurological disorders
4.1. Overview of ILs and their functions

ILs are a category of cytokines essential for immune
system communication and regulation."® They influence
cellular activities, such as proliferation, differentiation,
and inflammation, playing a significant role in preserving
physiological equilibrium.'"! These molecules are released
from various immunologically active cells, including
macrophages, lymphocytes, and glial components of the
nervoussystem."'»'*In the CNS, ILs regulate neuroimmune
interactions, affecting synaptic plasticity, neuronal survival,
and inflammatory responses.''*!"* Pro-inflammatory
cytokines, such as IL-1, IL-6, and IL-17, amplify
immune responses and contribute to neuroinflammatory
conditions."® Conversely, ILs with inflammation-
suppressing properties, including IL-10 and IL-4, help in
reducing excessive inflammation and promoting neuronal
protection. The balance between these types determines
the impact of immune activity on neurological health.!””
Research indicates that ILs influence neurodegenerative
diseases, brain injuries, and autoimmune disorders
affecting the nervous system.'* Their modulation offers
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potential therapeutic advancements in conditions, such
as AD, MS, and PD. Understanding their multifaceted
roles in neural processes may pave the way for developing
targeted treatments.'”

4.2, Synthesis and secretion of ILs in the brain

ILs in the CNS are synthesized by multiple cell types,
including microglia, astrocytes, neurons, and infiltrating
immune cells.’**!?! Their production is primarily triggered
by infections, injuries, or neurodegenerative processes.
Microglia, the brain’s primary immune cells, serve as
a major source of ILs and regulate immune signaling
pathways in response to different stimuli.'?* Astrocytes
also contribute to IL secretion, particularly under
neuroinflammatory conditions.'”® Under physiological
conditions, ILs support neuronal maintenance, whereas
dysregulated production can lead to inflammatory
damage.'"* Various signaling pathways, such as the
necrosis factor kappa-B (NF-kB)-dependent pathway and
the JAK/STAT pathway, regulate IL release and modulate
inflammatory responses in the brain.""#* Understanding
how ILs are synthesized and released within the CNS is
crucial for designing therapeutic strategies that fine-tune
their effects.'” Targeting IL production mechanisms could
help in managing neuroinflammatory disorders while
minimizing unwanted immune responses.'*

4.3. Role of pro-inflammatory ILs in
neuroinflammation

Pro-inflammatory ILs, particularly IL-1 and IL-6, play
significant roles in mediating neuroinflammatory
responses.'” These cytokines trigger immune activation,
resulting in heightened synthesis of inflammatory mediators
and ROS, which contribute to neuronal damage.'”” IL-1,
especially IL-13, promotes microglial activation and leads to
the secretion of additional cytokines and chemokines involved
in inflammation.'”® This activation enhances increased BBB
permeability, allowing infiltration of peripheral immune
cells into the CNS and worsening neuroinflammation.'*'*
IL-6 has diverse functions, including both protective
and detrimental effects in the brain. While it supports
neuronal survival under certain conditions, excessive IL-6
levels are associated with chronic neuroinflammation and
neurodegenerative diseases." Its activation of the JAK/STAT
signaling pathway influences inflammation-related gene
expression and immune responses.'*

IL-8/CXCL81isachemotactic cytokine that facilitates the
recruitment of neutrophils across the BBB and is elevated
in AD and traumatic brain injury, where it contributes to
prolonged neuroinflammation and synaptic loss.”** IL-12
and IL-23 are heterodimeric cytokines that drive T-helper 1
(Th1)and Th17 responses, respectively. Their dysregulation

exacerbates neuroinflammatory cascades in MS, often
correlating with disease severity and relapse rates.”** IL-21
influences B-cell differentiation and has been implicated
in antibody-mediated neuropathies, such as neuromyelitis
optica and MS."” In contrast, IL-33, a nuclear cytokine,
exerts a protective role in CNS injury models by enhancing
T-regulatory cell infiltration and dampening microglial
reactivity. IL-18 and IL-1 family cytokines are elevated in
depression, schizophrenia, and AD, where they contribute
to inflammasome activation, neurodegeneration, and
serotonergic dysregulation. On the other hand, IL-27 and
IL-37 function as anti-inflammatory agents. IL-27 has
been reported to suppress IL-17 production and inhibit
Th17 cell differentiation, providing potential therapeutic
benefits in MS and other neuroinflammatory syndromes,
while IL-37 exerts broad anti-inflammatory effects,
attenuating microglial activation and oxidative stress.'**

Given their diverse roles in neuroinflammation,
targeting IL-1 and IL-6 pathways has been explored as
a treatment approach for neurological disorders.'**'*’
Blocking these cytokines or their downstream signaling
mechanisms could help to reduce inflammatory damage in
conditions, such as MS, AD, and brain injuries."*

4.4. Anti-inflammatory ILs and their protective
effects

Anti-inflammatory ILs play a vital role in regulating
excessive immune activation, promoting tissue repair, and
maintaining homeostasis in the CNS."”* Among them,
IL-10 is one of the most significant anti-inflammatory
ILs, known for its ability in reducing pro-inflammatory
cytokine production and regulate immune responses.'*’
IL-10 is mainly produced by microglia, astrocytes, and
infiltrating immune cells during CNS inflammation.'*"'**
Its protective functions are mediated by inhibiting
inflammatory signaling pathways, such as NF-xB and
modulating microglial activity.!® In addition, IL-10
enhances neuronal survival and promotes the repair
of damaged tissues by reducing oxidative stress and
inflammatory damage.'** The therapeutic potential of
IL-10 in neurological diseases has been widely studied,
with evidence showing enhanced IL-10 activity improves
recovery in conditions, such as MS, ischemic stroke, and
TRL" However, precise regulation of IL-10 signaling
remains a challenge, requiring further investigation to fully
optimize its therapeutic applications.'*®

4.5. IL dysregulation in neurological disorders

An imbalance in IL signaling is commonly observed in
neurological disorders, contributing to disease progression
and severity."® Dysregulation of IL expression can result
in either excess inflammation or insufficient immune
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responses, both of which can have detrimental effects on
neuronal activity and longevity.*!*”!48 In AD, elevated
concentrations of IL-1 and IL-6 are related to AP
plaque deposition and tau protein hyperphosphorylation,
thereby exacerbating neurodegeneration.”® Similarly,
in MS, abnormal IL-17 and IL-6 activities contribute
to autoimmune-driven demyelination, leading to
neuroinflammatory damage."**"*! Psychiatric disorders,
including depression and schizophrenia, have also
been associated with altered IL levels.”** Studies suggest
that chronic inflammation and cytokine imbalances
may contribute to neurotransmitter dysregulation and
impaired neuronal connectivity.’*® Therefore, targeting IL
dysregulation in neurological diseases holds significant
therapeutic potential.’”® By restoring balance in IL
signaling, researchers aim to develop innovative treatment
strategies that can mitigate neuroinflammation and
improve neurological outcomes.'**

5. Interplay between 5-HT and ILs

5-HT and ILs play important roles in both the nervous
and immune systems.'” Their interactions regulate
neuroinflammatory responses, neurotransmission, and
immune signaling, thereby influencing the development
and progression of neurological and psychiatric disorders.
Comprehending their interplay is crucial for the design of
novel therapeutic strategies in neuroimmunology.'*

5.1. Mechanisms of interaction between 5-HT and
ILs

The interaction between 5-HT and ILs is mediated through
multiple biochemical and molecular pathways."”” 5-HT
receptors, expressed on both neurons and immune cells,
interact with cytokine signaling pathways, while ILs regulate
5-HT metabolism through enzymatic mechanisms.'>>!>%!>
For instance, pro-inflammatory cytokines, such as IL-1f3,
IL-6, and IL-18 stimulate indoleamine 2,3-dioxygenase
(IDO), an enzyme that catalyzes the conversion of
tryptophan, the pre-cursor of 5-HT, into kynurenine.'®
This process reduces 5-HT levels and contributes to
neuroinflammation. In addition, specific 5-HT receptor
subtypes, including 5-HT1A and 5-HT2A, influence IL
expression in microglia and astrocytes, thereby shaping
neuroinflammatory responses in the brain.'®* SERT, which
is responsible for 5-HT reuptake, is also regulated by ILs.
IL-1f and IL-6 have been shown to downregulate SERT
activity, leading to increased synaptic 5-HT levels, which
may contribute to altered mood states and impaired
cognitive function.' Conversely, IL-10, along with other
anti-inflammatory cytokines, has the ability to modulate
serotonergic pathways, restoring balance and reducing
neuroinflammation. 36163164

5.2. Impact of 5-HT on IL production and release

5-HT actively modulates immune responses by regulating
IL production and secretion.'®® Across receptor-mediated
mechanisms, 5-HT regulates cytokine expression in
immune cells, including microglia and astrocytes.'
Stimulation of 5-HT1A and 5-HT2 receptors is generally
linked to a reduction in pro-inflammatory cytokines, such
as IL-1PB, IL-6, and tumor necrosis factor-alpha (TNF-o).'
This anti-inflammatory effect plays a neuroprotective
function in neurodegenerative conditions. Conversely,
signaling through 5-HT3 receptors can enhance the
exocytosis of IL-1B and IL-6, thereby exacerbating
inflammatory responses.'®* 5-HT also impacts cytokine
release through the hypothalamic-pituitary-adrenal axis.
Prolonged stress-driven 5-HT dysregulation can elevate
cortisol levels, which in turn influences cytokine expression
and promote neuroinflammation.'”” Moreover, 5-HT levels
affect the activation and differentiation of T lymphocytes,
influencing the balance between pro-inflammatory and
anti-inflammatory responses.'”*73

5.3. Influence of ILs on 5-HT signaling and
metabolism

ILs influence 5-HT neurotransmission by regulating
its synthesis, release, and receptor expression. Pro-
inflammatory cytokines, such as IL-1f, IL-6, and IL-18
impair serotonergic pathways, affecting mood and
cognitive functions.”” A key mechanism involves the
upregulation of IDO, which shunts tryptophan metabolism
toward kynurenine rather than 5-HT synthesis.'”” This
shift results in the buildup of neurotoxic compounds, such
as quinolinic acid, contributing to neurodegeneration. This
mechanism is linked to conditions including depression
and schizophrenia.'”® Furthermore, ILs modulate 5-HT
receptor expression.”””'” IL-6 and IL-1f have been
demonstrated to decrease 5-HT1A receptor density, thereby
impairing serotonergic transmission and increasing the
risk of mood disturbances.”®® On the other hand, IL-10
supports 5-HT signaling and exerts neuroprotective
effects.’®! Cytokines also regulate SERT activity. IL-1f and
TNF-o can suppress SERT function, leading to prolonged
5-HT signaling, which may contribute to inflammatory
neurodegenerative conditions.'®

5.4. Examples of 5-HT-IL interaction in specific
neurological disorders

5.4.1. Depression and anxiety disorders

In major depressive disorder (MDD), elevated
concentrations of IL-1B, IL-6, and TNF-o. correlate
with 5-HT depletion due to increased IDO activity.'s?
This reduction in 5-HT availability leads to depressive
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symptoms. Antidepressant treatments often restore 5-HT
function while also reducing cytokine levels.'?

5.4.2. AD

In AD, neuroinflammation driven by IL-1f and IL-6
contributes to amyloid plaque accumulation and tau
protein hyperphosphorylation.’®* Impaired 5-HT signaling
worsens cognitive decline. Serotonergic drugs, such as
SSRIs, have been shown to influence IL levels and may
offer potential therapeutic benefits.'®

5.4.3.PD

In PD, neuroinflammation characterized by increased
IL-18 and IL-6 levels is linked to degeneration of
serotonergic neurons.' This contributes to both motor
and non-motor symptoms, including mood disorders.
Therapeutic strategies targeting IL pathways may offer
neuroprotective benefits.'®

5.4.4.MS

MS involves chronic neuroinflammation mediated by
IL-6 and IL-17."7 The role of 5-HT in regulating immune
responses in MS has gained increasing attention, with
SSRIs showing potential in reducing inflammation and
demyelination.'¥”'%

5.4.5. Schizophrenia

Schizophrenia involves both immune and serotonergic
dysfunctions. Elevated IL-6 and IL-1f levels have been
linked to cognitive and psychotic symptoms, while
modulation of 5-HT receptor remains a key target of
antipsychotic treatments.” Understanding 5-HT-IL
interactions may help enhance therapeutic approaches.'****!

5.5. 5-HT-IL pathway in neurological disorders
5.5.1. Pathway overview

The biochemical and neurological processes involved in
the production, release, action, reuptake, and metabolism
of 5-HT are collectively referred to as the 5-HT pathway.
5-HT regulates a wide range of physiological functions,
including appetite, sleep, thermoregulation, and pain
reception, as well as psychological processes in the CNS,
including mood and emotion regulation. Dysregulation
of 5-HT has been implicated in numerous conditions,
including depression, obsessive-compulsive disorder,
mania, migraine, schizophrenia, and anxiety. The first
rate-limiting step in the two-step metabolic pathway that
produces 5-HT is the hydroxylation of tryptophan to
5-HTP by TPH. Aromatic L-amino acid decarboxylase
then decarboxylates 5-HTP to yield 5-HT. ILs are a
group of cytokines produced by various cells in the body,
including leukocytes, endothelial cells, fibroblasts, and

epithelial cells. They function as messengers between cells
to initiate, enhance, or suppress immune responses and
aid in immune system regulation. The 5-HT-IL pathway
is important in modulating neuroinflammation and
influences the pathophysiology of various neurological
and psychiatric disorders through different mechanisms
that include activation of IDO, JAK/STAT signaling, SERT
modulation, and cytokine-mediated neurotoxicity.

5.5.2. Contribution to neurodegenerative diseases
(AD and PD)

Several CNS disorders, including anxiety, depression,
schizophrenia, and AD, have been associated with
pathological changes in 5-HT metabolism and/or an
imbalance in serotonergic signaling. AD is the most
prevalent  progressive  neurodegenerative  disease,
characterized by the loss of neurons in the brain. Impaired
cognitive function, personality and behavior abnormalities,
and memory loss are characteristic features of AD.
A decrease in serotonergic neurons in the raphe nuclei
has been associated with AD. In addition, post-mortem
AD brains show lower levels of 5-HT and its metabolites.”
Similarly, 5-HT reuptake sites in the temporal cortex are
depleted in patients with early AD, consistent with a loss of
serotonergic nerve terminals.’> The serotonin 6 receptor
(5-HT6R) is among the most recently cloned 5-HT
receptors and is positively coupled to adenylate cyclase
through the Gs protein.'* The receptor is highly expressed
in the cortex, striatum, and hippocampus of the CNS."*
However, significant declines in 5-HT6R density have
been observed in the cortical regions of AD patients.'”
Pro-inflammatory cytokines, including IL-18, IL-12,
IL-6, IL-17, and IL-23, have immunoregulatory functions
in AD.*2 Elevated plasma levels of IL-1f have been
found in AD patients, indicating a connection between
the etiology of AD and systemic chronic inflammation.
Furthermore, soluble IL receptors (sIL-1R1, sIL-1R3, and
sIL-1R4) as well as IL-33, IL-1Ra, and IL-18BP, are more
prevalent in AD patients.”” In the AD brain, IL-17 is
widely present and plays a significant part in the disease
development and progression.”” Elevated levels of IL-6 are
found in both the brain and plasma of AD patients. In late-
stage AD, IL-6 is genetically overexpressed,'**?" suggesting
its role in disease progression and severity. PD is the second
most common progressive neurodegenerative disorder,
characterized by motor symptoms, such as tremor,
rigidity, postural instability, and bradykinesia, as well
as non-motor symptoms, including fatigue, depression,
and sleep disturbances. Dysregulation of serotonergic
neurotransmission is thought to contribute to both the
motor and non-motor manifestations of PD.?*> Moreover,
the increased concentration of inflammatory cytokines
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leads to cognitive impairment. IL-1, a well-known pro-
inflammatory cytokine, plays a role in both brain trauma
and PD.*® Elevated levels of IL-6 may accelerate muscle
catabolism, contributing to the development of sarcopenia.
In addition to heightened weakness and exhaustion, this
process has been linked to functional impairments in PD
patients.™

5.5.3. Role in neurodevelopmental disorders (ASD,
ADHD)

ASD is linked to dysregulation of the IL-6 signaling
pathways and the 5-HT system. Imbalances in 5-HT
impact the development of the brain and cause ASD-like
abnormalities in behavior, such as anxiety, depression-
like behavior, and stereotyped behavior. A 1961 study
of 23 individuals with autism reported elevated blood
5-HT levels in six participants,® suggesting a potential
link between 5-HT and autism. The first biomarker
identified for ASD was hyperserotonemia, or high
whole-blood 5-HT, which is seen in more than 25% of
children with the disorder.”® A comprehensive literature
review indicates that both high and low levels of 5-HT
are linked to ASD. However, the relationship is not yet
fully understood. Low 5-HT levels are associated with
increased aggressive behavior. According to a recent study
combining human and animal research, lower 5-HT levels
may contribute to aggression in ASD, when social risks are
present.”*® Imbalanced cytokines during childhood and/or
throughout the lifespan may influence brain activity and
mediate the behavioral characteristics of ASD. IL-8 shows
promise as an ASD biomarker, as it is associated with social
abilities in children with ASD and may contribute to the
disorder’s pathophysiology.*” In addition, elevated serum
IL-17A and IL-22 levels are linked to ASD.**® Both high-
functioning children with ASD and adults with severe
ASD exhibit elevated plasma levels of IL-1(3.2*!! Higher
levels of IL-6 have also been detected in the blood plasma
of children with ASD and adults with severe autism, while
post-mortem analysis of brain tissue from individuals with
ASD revealed elevated IL-6 level.> ADHD, a common
neurodevelopmental disorder in children, presents
with symptoms, such as inattention, hyperactivity, and
impulsivity. 5-HT also plays a role in mood regulation.
Impaired maternal 5-HT production may increase the
likelihood that children will experience symptoms and
behaviors associated with ADHD and may have long-term
effects on brain development.”’* Research suggests that
individuals with ADHD may have reduced 5-HT levels
in the brain, which can exacerbate symptoms, such as
impulsivity, hyperactivity, and difficulty focusing.?'*?"* Low
5-HT levels may also result in frequent mood swings and
impaired cognitive abilities. However, ADHD is caused

by a number of additional factors. Given the substantial
neurological foundation that has been established, the
pathophysiology remains poorly understood. The onset and
progression of ADHD are influenced by pro-inflammatory
IL cytokines. According to Darwish et al.,** serum IL-6
levels were higher in ADHD patients in comparison to
healthy controls, suggesting that IL-6 may play a role in
the pathogenesis of ADHD.*¢ It has been noted that anti-
inflammatory cytokines, particularly IL-2 and IL-4, are less
prevalent in individuals with ADHD.

5.6. Impact on neuropsychiatric disorders
(depression, anxiety, schizophrenia)

The term neuropsychiatric disorders refer to a group of
conditions in which neurological symptoms are closely
related to psychiatric conditions. The most common
types of neuropsychiatric disorders include depression,
anxiety, and schizophrenia. 5-HT and ILs play important
roles in various neuropsychiatric disorders, particularly
in mood regulation and cognitive functions. Autism,
mood disorders, schizophrenia, and depression are
among the neuropsychiatric illnesses that can result from
deficits in the serotonergic system.?” The World Health
Organization estimates that 5% of adults worldwide
experience depression. Generalized anxiety disorder
(GAD) is a widespread neuropsychiatric disorder marked
by chronic and pervasive anxiety that is difficult to
control, often accompanied by excessive worries about
daily, family, social, and professional life. Numerous
studies have shown that the serotonergic system plays
a role in the pathophysiology of anxiety and depression,
with 5-HT and its receptors serving as main therapeutic
targets.””® The pathophysiological mechanisms of GAD
are complex and involve a wide range of neurological,
genetic, and environmental factors.”’ The onset and
progression of anxiety and depression are also influenced
by the inflammatory cytokine. A case—control study in
Bangladesh, which included 50 individuals with GAD
and 38 healthy controls, suggested a possible association
between peripheral serum levels of IL-17A and IL-23A
and the pathophysiology and development of GAD.*
Schizophrenia is a complex and chronic psychiatric
disorder defined by a wide range of symptoms, including
hallucinations, delusions, disorganized behavior and
speech, negative symptoms, such as emotional blunting and
anhedonia, and cognitive deficits. The 5-HT-IL pathway
has been implicated in the development and progression
of schizophrenia. Schizophrenia may arise from changes in
5-HT concentrations, which can gradually affect the brain’s
serotonergic systems.”! A significant contributing factor to
the early onset of abnormalities in the schizophrenicbrain is
the imbalance in the ratio of 5-HT1A to 5-HT2A receptors,
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which are involved in modulating negative symptoms.**

The pleiotropic cytokine IL-6 plays important roles in
neurogenesis and development, neuroprotection, synaptic
transmission and plasticity, and cognitive function. Reale
et al?® claimed that IL-6 is considered a state marker of
schizophrenia.””® According to Sasayama et al.,”** elevated
IL-6 levels in the CSF of individuals with schizophrenia
suggest the presence of inflammatory activity within the
CNS.?** Furthermore, IL-1f is recognized for its significant
role in the etiology and pathophysiology of schizophrenia.
Alongside elevated serum levels of IL-2 and IL-6,
individuals with schizophrenia have also shown increased
serum levels of IL-8.” Thus, disturbances in 5-HT and
cytokine homeostasis appear to be major contributing
factors to the development of neuropsychiatric illnesses.

6. Therapeutic implications and future
directions

6.1. Targeting the 5-HT-IL pathway for therapeutic
interventions

Targeting the 5-HT-IL pathway holds promise for treating
various neuropsychiatric and neurodegenerative disorders,
including ASD, ADHD, anxiety, depression, AD, PD, and
schizophrenia. Progressive degeneration and damage of
nerve cells are hallmarks of neurodegenerative diseases.
Researchers suggest that modulating the 5-HT system
could potentially ease symptoms and slow the progression
of both AD and PD. In AD, drugs that target the 5-HT
pathway can help to improve cognitive impairment. For
instance, idalopirdine, a 5-HT6 receptor antagonist, has
been shown to improve memory and learning abilities.”*
Moreover, they provide neuroprotection, regulate
neurotransmitter release, improve synaptic function, and
reduce inflammation in AD patients.”” Similarly, the
selective 5-HT2A receptorantagonist,loratadine, hasshown
potential in AD mouse models by reducing inflammation,
improving microglial function, facilitating clearance of
neurotoxic substances, decreasing Af deposition, and
ultimately mitigating pathological progression.”” In
AD patients with severe psychosis, 5-HT2A receptor
antagonists, such as pimavanserin and brexpiprazole have
also shown clinical efficacy.”® The 5-HT1A and 5-HT1B
receptors have also been implicated in glial cell formation
linked to PD. In chronic neuroinflammatory diseases,
IL-17 and its receptors play a crucial role in regulating
neuroinflammation and are therefore considered as major
therapeutic targets.??

6.2. Present pharmacological approaches

SSRIs are the first-line treatment for various
neuropsychiatric and neurodegenerative conditions. Their
safety, effectiveness, and tolerability make them popular

first-line pharmacotherapy for depression and many other
psychiatric disorders. SSRIs function by blocking the 5-HT
reuptake in presynaptic neurons, which subsequently
increases serotonergic activity within the synaptic cleft
(Figure 2). The most common SSRIs include citalopram,
escitalopram, fluoxetine, paroxetine, and sertraline.
According to the monoamine hypothesis, depression
is attributed to a functional deficit of the monoamine
neurotransmitter 5-HT in the brain. Because SSRIs
primarily target 5-HT, they are referred to as selective.
SSRIs work by increasing 5-HT availability in the brain and
preventing its reuptake. The SERT, an integral membrane
protein produced in the raphe nuclei of the brain, is the
main target of SSRIs. SERT rapidly removes 5-HT from
the synapse, stopping its signal in serotonergic neurons.*”
Overactive SERTs lead to excessive 5-HT reuptake
from the synapse, resulting in diminished serotonergic
signaling. Inhibition of SERT at the presynaptic axon
terminal by SSRIs prevents 5-HT from being reuptake
into the presynaptic neuron. This leads to an increased
concentration of 5-HT remaining in the synaptic cleft,
allowing it to bind to and stimulate postsynaptic receptors
for a longer duration.® SSRIs have demonstrated efficacy
in treating mood disorders and are considered the first-
line treatment for MDD. A meta-analysis of 57 trials
found that SSRIs are effective for anxiety disorders, with
higher dosages associated with improved symptom
relief.?' SSRIs are superior to other antidepressants due
to their highly specific mechanism of action. They exert
minimal influence on the dopamine and norepinephrine
neurotransmitters. Furthermore, SSRIs exhibit significantly
lower affinity for adrenergic, cholinergic, and histaminergic
receptors compared to TCAs and MAOIs. This receptor
selectivity contributes to their lower side effect profile.
Neuroinflammation is one of the primary causes of
the pathophysiology of neurodegenerative diseases. By
suppressing the cyclooxygenase enzyme, non-steroidal
anti-inflammatory drugs (NSAIDs) decrease inflammation
through reduced prostaglandin production. It has been
demonstrated that long-term NSAID use lowers the risk
of AD, likely due to its impact on neuroinflammation.?>*%
In numerous animal models, NSAIDs have demonstrated
promise in lowering the risk of neurodegenerative diseases.
However, these results have mostly not been confirmed in
human clinical studies.?**

6.3. Potential novel therapies (cytokine inhibitors,
combination therapies)

Cytokine inhibitors represent potential new treatments
for neurodegenerative disorders. The use of monoclonal
antibodies (mAbs) or small-molecule inhibitors against
IL-1f and IL-6 in targeted therapy provides a more
accurate means of modulating neuroinflammation. In
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Figure 2. Mechanisms of 5-HT receptor signaling and the modulatory effects of SSRIs in neurological disorders. The illustration demonstrates synaptic
5-HT transmission under normal physiological conditions (left panel) and the antidepressant effect following SSRI treatment (right panel). Tryptophan is
metabolized into 5-HT within the presynaptic terminal, where it is sequestered within synaptic vesicles and subsequently released into the synaptic cleft.
In the absence of pharmacological intervention, 5-HT is reabsorbed into the presynaptic neuron through SERT. SSRIs selectively inhibit these transporters,
blocking 5-HT reuptake and thereby enhancing serotonergic pathway through increased activation of postsynaptic receptors. This mechanism underlies
their therapeutic efficacies in mood and anxiety disorders. Image created by the authors.

Abbreviations: 5-HT: Serotonin; SERT: Serotonin transporter; SSRI: Selective serotonin receptor inhibitor.

patients with schizophrenia, the anti-IL-6 receptor mAb
Tocilizumab, which was developed and approved for
rheumatoid arthritis, improved cognitive function but did
not significantly alter psychological scores.** The anti-IL-6
mAbs siltuximab and sirukumab have been shown to
effectively reduce the severity of depressive symptoms
in patients with rheumatoid arthritis and multicentric
Castleman disease.”® Studies indicate that IL-6 drives
induced pluripotent stem cell-derived neural stem cell
expansion within a short timeframe and governs neuronal
outgrowth, primarily through JAK-STAT signaling.*’
Furthermore, IL-loc has been proposed as a new
biomarker for the early identification of AD pathologies.***
Similarly, IL-3, a multifunctional cytokine, has shown
therapeutic effectiveness in AD. Combination therapy
can be useful in neurological and psychiatric disorders
where multiple pathological processes are involved. AD
has a wide range of underlying causes, which may change
as the disease progresses. These include the accumulation
of misfolded proteins into hazardous plaques and
tangles, oxidative stress, vascular issues, mitochondrial
dysfunction, inflammation, and epigenetic alterations.
An effective therapeutic approach may involve combining
multiple drugs that target different pathways. In 2014,

the co-administration of donepezil and memantine was
approved for the management of moderate-to-severe
AD.”* Memantine, an NMDA receptor antagonist, and
donepezil, a cholinesterase inhibitor, showed significant
improvement in cognition, daily functioning, and
behavior in AD patients. Furthermore, based on the PD
Questionnaire-39 and the Unified PD Rating Scale, a recent
randomized controlled trial in Vietnamese patients with
PD showed that combination treatment with levodopa
and pramipexole improved clinical symptoms and quality
of life*** Recently, the Food and Drug Administration
approved the use of trospium chloride, a muscarinic
antagonist, and xanomeline, an M1/M4 muscarinic
agonist, for the treatment of schizophrenia.”*! Therefore,
combination therapies that address multiple mechanisms
represent a promising strategy in the management of brain
disorders. Moreover, exercise appears to reduce depression
by increasing 5-HT release, which has antidepressant
effects. A study examining the exercise habits of over
600,000 individuals found that 5-HT boosts from exercise
may help lower the risk of depression.”* Similarly, a
recent study indicates that anti-inflammatory diets, such
as the Brain Anti-Inflammatory Nutrition diet, may help
manage mental and neurological diseases by reducing
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inflammation, enhancing gut health, and promoting
neuroprotection.”*> C-reactive protein (CRP) and IL-6
are inflammatory markers that are reduced by diets rich
in whole foods, such as fruits, vegetables, whole grains,
and sources of lean meat and poultry. In contrast, high-
fat and processed diets are associated with increased
inflammation and a higher risk of neurological disorders,
while whole-food diets are associated with lower CRP and
IL-6 levels.””® Therefore, lifestyle modifications play a key
role to overcome depression and other mental disorders.

7. Challenges and opportunities in
translational research

Despite their efficacy in treating mood disorders, SSRIs
present several challenges. Excessive 5-HT activity in the
nervous system causes 5-HT syndrome (also known as
5-HT toxicity), a life-threatening condition characterized
by shivering, confusion, muscle twitching, agitation,
and diarrhea. The treatment includes a combination of
serotonergic medications. However, 5-HT syndrome can
also result from SSRI monotherapy.?*#**> Higher levels of
5-HT uptake inhibition in antidepressants may result in
more abnormal bleeding than lower levels of inhibition.**
One study found that individuals taking SSRIs had a
higher risk ratio (RR) of 3.0 for GI bleeding (RR = 3.0),
while those on antidepressants without SSRI properties
had a lower RR of 0.8.>* The SSRIs have cardiovascular
side effects, with studies identifying that they can cause
QTc prolongation. According to a meta-analysis of 16
prospective controlled trials, SSRIs prolonged the QTc
interval by 6 ms compared to placebo.*® Adverse effects of
SSRIs include weight gain, hyponatremia, GI bleeding, dry
mouth, and sexual dysfunction.*® A notable characteristic
of SSRIsin depression treatmentis their delayed therapeutic
onset, which can take up to 6 weeks for individuals to
experience the clinical benefits of SSRIs. According
to a systematic review, SSRI use for depression leads to
initial symptomatic improvement within the 1% week,
which then persists for at least 6 weeks with a gradually
diminishing rate of improvement.”** Even though NSAIDs
have been investigated as neuroprotective medications,
their off-target effects and poor BBB penetration make
this approach less successful.>*"*> Moreover, combination
therapy has proven effective in treating symptoms of many
complicated diseases. However, finding clinically effective
disease-modifying medicines for neurodegenerative and
other brain diseases remains a challenge, as there is still
no standardized framework for developing such therapies.
A logical approach involves several key steps. First,
individual components and their combinations require
evaluation in animal models to assess efficacy, safety,
potential synergies, drug-drug interactions, or added

toxicity. Phase I trials in humans then focus on safety,
tolerability, and interactions. Next, Phase II trials explore
dosing by examining dose-response relationships and
target engagement for each agent and the combination.
Synergistic effects may allow the use of lower individual
doses, thereby reducing toxicity. If Phase II results
are promising, confirmatory Phase III trials follow
to establish clinical benefit. Therefore, the challenges
of combination therapy lie in the complexity of drug
development. Furthermore, the lifestyle changes require
high adherence and long-term commitment to achieve a
positive impact on mental health. Given the significant
and continuing burden of neurological and psychiatric
disorders, the development of efficacious, disease-
modifying medicines continues to be a crucial issue for
this discipline. By connecting basic research with clinical
practice, translational research is critical in advancing the
understanding of these conditions. In addition, it provides
a crucial platform for researchers to share their discoveries
and developments in this field. Pre-clinical models are
the key to understanding brain disorders, such as AD
and autism, as they reveal their underlying mechanisms.
This helps develop personalized treatments and support
the advancement of brain imaging for clinical use.
Ultimately, pre-clinical research is crucial for dissecting
these illnesses, testing therapies, and enabling tailored,
innovative medicine.”®® New translational research
involves a variety of high-throughput patient analytics,
clinical data integration, personalized diagnostics, and
treatment through multiomics-based target discovery.?**

8. Conclusion

The 5-HT-IL signaling pathway is critically involved in the
pathophysiology of neurological and psychiatric disorders.
Therefore, advancing the development of personalized
treatment strategies for disorders associated with the
5-HT-IL axis will require more rigorous translational
research that integrates technological innovations and
interdisciplinary collaboration.
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