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Abstract: The bidirectional communication network between the gut and the brain, known as the
gut-brain axis, plays a crucial role in health and disease. This review explores the mechanisms
underlying gut-brain interaction disorders and highlights translational therapies bridging neurology
and gastroenterology. Mechanisms encompass anatomical, endocrine, humoral, metabolic, and
immune pathways, with the gut microbiota exerting profound influence. Clinical evidence links
gut microbiota fluctuations to mood disorders, GI disruptions, and neurodevelopmental conditions,
emphasizing the microbiome’s pivotal role in shaping brain—-gut interactions. Pharmacological
therapies such as amitriptyline and selective serotonin reuptake inhibitors modulate neurotransmitter
activity, offering relief in functional gastrointestinal disorders like irritable bowel syndrome (IBS).
Non-pharmacological interventions like cognitive-behavioral therapy and hypnotherapy address
maladaptive thoughts and induce relaxation, alleviating gastrointestinal symptoms exacerbated by
stress. Emerging therapies include gut microbiota modulation, dietary interventions, vagus nerve
stimulation, and intestinal barrier modulation, offering novel approaches to manage neurological
disorders via the gastrointestinal tract. Understanding and harnessing the gut-brain axis holds
promise for personalized therapeutic strategies in neurogastroenterology.
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1. Introduction

The gut-brain axis constitutes a bidirectional communication network bridging the
enteric and central nervous systems, encompassing anatomical, endocrine, humoral,
metabolic, and immune pathways [1]. Interactions between the autonomic nervous system,
hypothalamic-pituitary-adrenal (HPA) axis, and GI tract nerves facilitate mutual influence,
with the brain modulating intestinal activities and the gut impacting mood, cognition, and
mental health. Enteric microbiota profoundly affect this relationship, influencing emotional
regulation, neuromuscular function, and HPA regulation [2]. Clinical evidence highlights
associations between gut microbiota fluctuations and mood disorders, GI disruptions, and
neurodevelopmental conditions, emphasizing the pivotal role of the microbiome in shaping
gut-brain interactions and cognitive function [3].
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Recent preclinical studies have underscored the bidirectional interactions between
the brain, gut, and microbiome (BGM), shedding light on their role in health and disease.
Notably, alterations in these interactions have been implicated in a spectrum of disorders
ranging from irritable bowel syndrome (IBS) to psychiatric and neurological conditions
such as affective disorders, autism spectrum disorders (ASD), Parkinson’s disease, and
chronic pain [4]. Understanding the intricate mechanisms governing gut-brain interactions
is of paramount importance due to their profound implications for behavior, physiology,
and overall health. The bidirectional nature of the gut-brain axis stems from the ability
of gut microbes to not only respond to, but also actively shape, neuronal activity and
plasticity [5]. Various pathways, including neurological, endocrine, humoral/metabolic,
and immune routes, orchestrate this complex communication network. Microbiota-derived
metabolites, such as short-chain fatty acids (SCFAs) and lipopolysaccharides (LPS), play
pivotal roles in modulating neurotransmitter activity, stress responsiveness, and inflamma-
tory processes, thereby impacting behavior and mood regulation. Dysbiosis, characterized
by microbial imbalance, contributes to chronic inflammation implicated in conditions like
depression and autoimmune diseases [1]. Moreover, the integrity of the intestinal barrier,
regulated by the microbiome, is crucial for systemic health, with disruptions implicated in
various gastrointestinal and systemic disorders. Promisingly, interventions targeting the
microbiome offer potential therapeutic avenues for restoring barrier function and allevi-
ating inflammation, highlighting the translational significance of gut-brain axis research
for neurological and psychiatric disorders. Continued investigation into microbiota-based
interventions holds promise for advancing our understanding and treatment of these
complex conditions [6].

However, not only do the gut microbiota influence the nervous system, but also, a
vast array of neuromodulating substances are able to relieve many gastrointestinal com-
plaints [7]. The aim of this comprehensive review is to delve into the intricate interactions
between the nervous and gastrointestinal systems, exploring emerging therapies that target
both systems, leveraging the potential of neuromodulating substances and microbiome-
based interventions.

2. Search Strategy

For the literature review, comprehensive searches were conducted across multiple
databases, including PubMed/MEDLINE, Embase, Scopus, Web of Science, PsycINFO,
Cochrane Library, and Google Scholar. The search strategy utilized a combination of
Medical Subject Headings (MESH) terms and free-text words. The search strings were
constructed using Boolean operators to combine relevant terms, such as (“Gut-brain axis”
AND “Neurological disorders”) OR (“Neurogastroenterology” AND “Gastrointestinal dis-
orders”) OR (“Mucosal immune system” AND “Enteric nervous system”) OR (“Microbiota-
gut-brain axis” AND “Functional gastrointestinal disorders”). Articles were retrieved by
systematically screening the search results based on predefined inclusion criteria, including
peer-reviewed journals, relevance to mechanisms and translational therapies of gut-brain
interaction disorders, incorporation of both neurological and gastrointestinal perspectives,
and publication within the last 10-15 years to ensure inclusion of recent advancements.
Additionally, relevant articles from the reference lists of included studies and key review
articles were hand-searched to identify additional relevant literature. However, our aim
was to provide a broad overview of the topic while guiding readers to specific references
for more detailed information.
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3. Mechanisms of Gut-Brain Interaction

The gut-brain axis encompasses a multifaceted network of communication pathways
involving neural, microbial, immune, and endocrine signaling. Understanding the mecha-
nisms underlying gut-brain interactions is essential for clarifying the pathophysiology of
various disorders and developing targeted therapeutic interventions aimed at restoring
homeostasis within this complex system. While animal models, particularly in mice, have
elucidated key aspects of this interaction, their translation to human therapeutics remains
challenging, prompting a critical examination of how to enhance the translational value of
preclinical research [8].

3.1. Neural Pathways

Neural pathways play a crucial role in the gut-brain axis, facilitating communication
between the gut and the brain through the vagus nerve, which serves as a major conduit
for this bidirectional signaling. Recent findings highlight its role in regulating peripheral
regulatory T cells (pTregs) in the gut, influenced by the vago-vagal reflex mediated by gut
microbiota information. Understanding this gut-brain axis mechanism could lead to the
development of neurostimulatory therapies targeting the complex gut-brain association [9]
This bi-directional conduit carries sensory information from the gut to the brainstem’s
nucleus tractus solitarius (NTS), where it undergoes integration and processing. The
nucleus solitarius (NTS) emerges as a critical hub in the intricate neural circuits that govern
feeding behavior and energy balance regulation. By employing advanced techniques such
as optogenetics and neural activity monitoring, researchers have uncovered specific subsets
of NTS neurons, particularly those expressing prodynorphin, that exert profound effects on
appetite suppression and energy expenditure [10]. Subsequently, efferent signals are sent
back to the gut, influencing various gastrointestinal functions, including motility, secretion
and visceral perception [5]. This neural communication pathway plays a significant role in
regulating appetite, satiety and digestive processes [11]. All of this intricate process ensures
metabolic homeostasis and efficient digestion [12].

3.2. Microbiota—Brain Axis

The gut microbiota consist of trillions of microorganisms residing in the gastrointesti-
nal tract that exert profound effects on the brain function through the microbiota—brain
axis. Microbial metabolites, such as short-chain fatty acids (SCFAs), neurotransmitters, and
immunomodulatory molecules, can influence neural activity and neurotransmitter synthe-
sis within the brain [13,14]. The brain exerts significant influence on the gut microbiota
through efferent signals, which are mediated by both the autonomic nervous system and
the hypothalamic—pituitary—adrenal (HPA) axis. These signals, triggered by various psycho-
logical stressors, lead to alterations in gut microbial composition and biomass, impacting
the microbiotic profile and reducing the relative proportions of main phyla. Addition-
ally, the brain modulates gut functions crucial for microbial habitat maintenance, such as
motility, secretion, and mucosal immune response, which can indirectly affect microbiota
composition and function. Furthermore, stress-induced changes in intestinal permeability
impact systemic inflammation and neuronal function. By also affecting immune responses,
this disintegration of the intestinal barrier may facilitate the expression of virulent bacteria,
highlighting the intricate interplay between the brain, gut, and microbiota in response to
stress [5,15]. The dysregulation of the microbiota-brain axis has been implicated in exacer-
bating the course of various neurological and psychiatric disorders spanning conditions
such as depression, anxiety, schizophrenia, autism spectrum disorders (ASD), Alzheimer’s
disease, and Parkinson’s disease. Dysfunctions in the gut microbiota composition and func-
tion can influence symptoms of these disorders through several interconnected mechanisms.
These include the dysregulation of immune responses leading to chronic inflammation,
alterations in neurotransmitter levels affecting mood and cognition, and disruptions in the
gut barrier integrity, allowing pathogenic substances to enter the bloodstream and affect
brain function. These findings highlight the importance of maintaining a balanced gut
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microbiome for optimal brain health. The microbiota—gut-brain axis plays a crucial role in
the pathophysiology of various neuropsychiatric disorders [16]. Furthermore, emerging
evidence suggests that alterations in the gut microbiota composition and function can
contribute to the pathogenesis of neurodegenerative disorders such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis [17].

3.3. Immune System Modulation

The gut-associated lymphoid tissue (GALT) plays a crucial role in immune system
modulation, and serves as a link between the gut and the brain [18]. Immune cells within
the gastrointestinal tract (such as T cells, B cells, and dendritic cells) communicate with the
central nervous system through cytokines and other immune mediators. In the intricate
network of the intestinal neuro-immune axis, communication occurs between neurons,
immune cells, and microorganisms. The crosstalk between these components underscores
the dynamic interplay shaping gut health and immune responses. Understanding these
interactions is pivotal for elucidating the mechanisms underlying gastrointestinal disorders
and developing targeted interventions for therapeutic benefit [19]. The activation of the
immune system in the gut can trigger systemic inflammation and immune responses that
impact brain function and behavior. Conversely, alterations in brain function, such as
stress, can modulate immune activity in the gut, leading to changes in gut permeability
and microbial composition [20]. This bidirectional communication between the immune
system and the brain is integral to maintaining adequate adaptation in responding to
environmental challenges.

3.4. Link with Endocrine System

The endocrine system plays a crucial role in mediating communication between the
gut and the brain through the release of hormones and neuropeptides [21]. The gut-brain
axis orchestrates a complex interplay between the gastrointestinal tract, the brain, and
the endocrine system, allowing it to regulate appetite and satiety. Hormones like ghre-
lin, known as the “hunger hormone”, are produced in the stomach and signal the brain
to stimulate appetite. Conversely, leptin, produced by adipose tissue, acts as a “satiety
hormone” by signaling to the brain when the body has had enough food. Additionally,
peptide YY, released by cells in the intestines in response to food intake, promotes feelings
of fullness and suppresses appetite. Understanding the intricate neuroendocrine mecha-
nisms involved in appetite regulation provides valuable insights into combating obesity
and metabolic disorders [22]. These hormones bind to specific receptors in the hypotha-
lamus, triggering neuronal pathways that regulate food intake, energy expenditure and
metabolic processes [23]. Additionally, hormones like cortisol and adrenaline can influence
gut motility, barrier function and immune responses [24]. Metabolic syndrome induces
dysregulation in the gut-brain axis, characterized by altered communication between the
gut microbiota, the endocrine system, and the central nervous system. This disruption
contributes to systemic inflammation, insulin resistance, and dyslipidemia, which in turn
affect gastrointestinal function and neuroinflammation. Ultimately, these disturbances in
the gut-brain axis can lead to cognitive impairment, neurodegenerative diseases, and com-
promised integrity of the blood-brain barrier, highlighting the intricate interplay between
metabolic health and neurological function [25].

Figure 1 presents the main factors affecting the gut-brain interaction and the related
groups of disorders.
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Figure 1. Factors affecting gut-brain axis and related disorders. Created with BioRender.com.

GENETICS

4. Gut-Brain-Associated Disorders in Focus

The gut-brain axis is discussed in relation to many GI conditions, including irritable
bowel syndrome (IBS), functional dyspepsia, gastroesophageal reflux disease, functional
dysphagia, gastroparesis, functional constipation, fecal incontinence, and even inflamma-
tory bowel diseases (IBD) and other disorders [26].

The gut-brain axis’ bidirectional communication driven by neuronal, hormonal,
metabolic, immunological, and microbial signals has been researched intensively in some
chronic inflammatory conditions, where the pathogenesis is still elusive, such as IBD. As
a result, mounting data point to a connection between neuroinflammatory and neurode-
generative disorders and IBD. In this regard, clinical, epidemiological, and experimental
evidence has shown that IBD predisposes one to the development of CNS diseases. Simi-
larly, alterations in intestinal neuronal signaling are linked to certain GI disorders [27].

The CNS and the GI tract may be affected in tandem by the disruption of ENS
function [28]. In this regard, persistent pain and visceral hypersensitivity are prevalent,
incapacitating symptoms of IBD that point to a connection between the intestines, the
ENS, and the central nervous system. According to current theory, pain—including neuro-
immune interactions in the inflammatory gut—mediates a rise in intestinal permeability,
which in turn causes disease activity to worsen. Resolving inflammation is also linked to
a decrease in abdominal pain [29]. Additionally, severe neurologic and neuropsychiatric
symptoms, such as funicular myelosis or psychosis, can result from intestinal malabsorption
diseases (such as vitamin B12 insufficiency) [30].

Crucially, statistics about the individual risk for neurodegeneration among CD and
UC patients vary widely, and the risk of acquiring CNS diseases among IBD patients
differs greatly depending on the study group. The age of diagnosis is one crucial factor to
consider: people with IBD onset before the age of 60 had a greater incidence of Parkinson’s
disease (PD), primarily due to the age-related nature of PD, as previously indicated. Elderly
individuals are frequently given a wide range of medications, which raises the possibility of
drug-induced neurological disorders. In summary, epidemiological studies unequivocally
show that people with IBD are at risk for PD, multiple sclerosis (MS), or other CNS illnesses;
nevertheless, precise statistics need to be determined [27].

Data on the incidence of intestinal inflammation among patients with PD are few
and still under debate. However, clinical and preclinical research strongly indicates the
possibility that individuals with IBD would have extraintestinal manifestations in the CNS.
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This could be partly explained by the fact that neurodegeneration is uncommon in persons
under 50, but IBD is typically diagnosed in younger people. On the other hand, as there is
evidence of a higher frequency of IBD among MS and of MS among IBD, the relationship
between MS and IBD is bidirectional [27].

On the other hand, it is assumed that IBS is the most prevalent disorder of the brain-gut
axis (prevalence 5-10% of the worldwide population) [31].

A comprehensive disease model of brain—gut-microbiome interactions for IBS has
emerged, which can explain the altered bowel habits, chronic abdominal pain, and psy-
chiatric comorbidities. This model is based on a large body of reported information about
genetic factors involved in the pathophysiology of IBS symptoms. Furthermore, rela-
tionships between brain networks and characteristics associated with the gut microbiota,
immunology, gastrointestinal tract, and genetics have been described [31].

IBS-related malfunctions in ENS circuits may be caused by disrupted communication
between intestinal glia and neurons [32]. Recent research has demonstrated the neuronal-
glia signaling of the ENS about visceral discomfort, IBS, and other GI diseases [32], where
genes such as CADM2 and NCAMI1 play a critical role.

Specific cognitive/psychiatric symptoms, such as overall cognitive capacity, risk-taking
behavior, intellect, and neuroticism, have been associated with NCAM1 and CADM2 [33].

5. Genetic and Environmental Factors and Novel Diagnostic Approaches
5.1. Genetic Factors in Gut—Brain Disorders

Many studies suggest the role of different risk factors in gut-brain disorders, although
the molecular mechanisms they are involved in are poorly understood [34-36]. To date, a lot
of arguments state the role of the host genes and the gut microbiome in the interdependency
regulation of certain phenotypes of neurodevelopmental and gastrointestinal disorders [37,38].

A series of research has shown that the intestinal microbiome could be involved in
bidirectionally regulating the activity of the central nervous system through metabolic
pathways [34,35,39,40]. The accumulating data on the host genetic—gut microbial interaction
suggest that the host’s genetic variants may prevent the presence of certain bacterial species
in their gut. Such remodeling of the intestinal microbiome may affect brain development
and behavioral function [41,42]. Studies on germ-free (GF) animals demonstrate that
the absence of bacterial colonization of the intestine results in the altered expression
of the genes controlling the synthesis and transport of neurotransmitters and muscle
contractile proteins [5]. Therefore, gut dysbiosis has an impact on both the central nervous
system (CNS) and gut-innervating neurons through neurotransmitters and some other
metabolites, leading to neurogenetic disorders and gastrointestinal diseases [43]. For
example, early metagenomic and metabolic evidence shows that gut dysbiosis accompanies
autism spectrum disorder (ASD), and recent studies confirm the direct involvement of ASD
risk genes in the regulation of gut nutrition processing. It is known that a mutation in the
validated ASD risk gene, CHDS (14p11.2), is associated with a range of gastrointestinal
symptoms [44], and the mutations in the MECP2 in an autism-like mouse model lead to
changes in the microbiota and related metabolic changes [39-41].

Cumulative genome-wide association studies (GWAS) may highlight the relationship
between common genetic risk variants and neurogenetic and gastrointestinal diseases [45].
The systematic post-GWAS analyses of the identified multiple genetic variants, such as
single-nucleotide variations (SNVs) and single-nucleotide polymorphisms (SNPs), asso-
ciated with the psychiatric and gastrointestinal phenotypes, point out the large degree of
genetic overlap between them [38,45]. A few loci, such as INAVA (1q32.1), LRPS (1p32.3),
NCAMI (11q23.2), FUT2 (19q13.33), EP300 (22q13.2), etc., display a pleiotropic potential for
both types of disorders, and may be used as shared genetic risk determinants for brain—gut
interaction disorders [38,46]. The two pleiotropic loci EP300 and LRP8 are the main risk
factors for IBS, which suggests a large degree of polygenic overlap with psychiatric disor-
ders. The common EP300 SNP rs20551 is involved in the regulation of molecular processes
of neuronal plasticity, the differentiation of intestinal epithelial cells and the expression of
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gut antimicrobial peptides [45]. The other locus, LRP8, which encodes the receptor protein
ApoER?2 from the RELN-ApoER2 pathway, regulates the neurodevelopmental processes
in the central and peripheral nervous system, as well as the maintenance of the intestinal
epithelial barrier [45].

Understanding the role of genetics in gut-brain disorders is crucial for researchers
to identify individuals at higher risk, explore potential therapeutic targets, and develop
personalized interventions for improving gut and overall health.

In recent years, researchers have begun to pay more attention to the role of epigenetics
in host-microbe interactions which alter their cellular functions through several mecha-
nisms [47]. It is hypothesized that gut microbial products can affect chromatin structure
in host brain cells, which in turn leads to transcriptional changes in neurons, and hence
changes host behavior. In addition, the microbiota are believed to be an important mediator
of gene—environment interactions [48].

5.2. Environmental Triggers

The bidirectional communication network between the enteric and the central nervous
system has been studied intensively in recent years, looking for factors that disrupt it. The
composition of the gut microbiota depends on individual genetic predispositions, nutrition,
physical activity, age, environmental factors, infections, drug use and stress [1,49,50]. In the
last 10 years, research has focused on the link between the emotional, behavioral and cognitive
centers of the brain and gut microbiota. The composition of the gut microbiota depends on an
individual’s genetic predisposition, age, nutrition, physical activity, environmental factors,
stress, infection, other diseases, and use of antibiotics [5,51-53].

Although environmental pollutants have a huge impact on public health, little is
known about their role in gut dysbiosis and mental health [54]. Diseases of the host
(gastrointestinal, immunological, and neurological) can occur because of changes in the
microbiota that favor the development of more pathogenic organisms and chronic inflam-
mation [55,56]. Hormonal imbalance, bacterial metabolites, and genetic and epigenetic
mutations are potential mechanisms by which intestinal dysbiosis can affect the host. How-
ever, it has been shown that exposure to environmental pollutants can lead to systemic
consequences, including changes in brain functions and behavior [57-59]. Heavy metals,
air pollutants, drugs, alcohol, unbalanced nutrition, sleep quality and stress are among the
most well-studied factors implicated in human psychiatric disorders and behavior [49,60].

During the prenatal period, the maternal resident flora impacts the gut microbiota.
Evidence shows that different environmental factors such as antibiotics, infection, diet,
stress, mode of birth, breast milk quality, and even type of infant feeding can disrupt the
colonization of the microbiota in the offspring, influencing brain development [61].

The role and harmful effects of heavy metals in the progression of different mental
disorders are known [62-67]. Intestinal dysbiosis induced by heavy metal intake also
plays a role in the pathology of these diseases [49,68,69]. They are absorbed into the body
much faster than they are eliminated, and before reaching the brain, may interact with gut
microorganisms [70,71].

Numerous studies have shown that exposure to di-2-ethylhexyl phthalate and bisphenol
A can affect gut microbiota and metabolites that are important for the gut-brain axis [72-77].

Air pollutants such as carbon monoxide, nitrogen dioxide, dust and other substances
change the composition of the intestinal microorganisms, leading to the synthesis of dan-
gerous metabolites and inflammation, which can lead to brain dysfunctions [78-83].

Nutritional status and diet also prove to be critical factors. If they are disturbed, they
can have an impact on neurological functions [84]. The link between diet, gut microbiota
and the pathogenesis of Parkinson’s disease has been shown [85,86]. The disruption of
the composition and quantity of some bacteria affects the amount of some important
metabolites that directly affect the body, the microbiota and brain [87,88].



Gastroenterol. Insights 2024, 15

562

Sleep is a critical factor in human physical and mental health. In recent years, evidence
has shown that the microbiota—gut-brain axis contributes to sleep regulation and may play
a role in the pathology of sleep and neuropsychiatric disorders [8§9-91].

Dysbiosis leads to the production of potentially harmful products in the gut that can
reach the brain and affect sleep quality [92]. Some of the neuromodulators involved in the
sleep—wake cycle are produced and metabolized by gut microbes, thus directly or indirectly
reaching the CNS [13,93,94].

5.3. Diagnostic Approaches—Biomarkers

All the evidence clearly shows that neurological disorders are closely related to the gut
microbiome. Depression, schizophrenia, epilepsy, Parkinson’s disease, Alzheimer’s disease
and migraine are among the many examples of this connection [16,95]. All microbiome-
based tools may be useful in the diagnosis and treatment of gut microbiome disorders and
neurological disorders.

Culture-based methods have been used for years in clinical microbiology. These
methods are widely used in clinical practice, but are too labor-intensive for extensive
characterization of the microbiome. They are limited in diagnosis when it comes to the low
abundance of microbes. This method is very useful when looking for antibiotic-resistant
pathogens contained in the microbiome of hospitalized patients [96,97].

Multiplex polymerase chain reaction (PCR), quantitative PCR (qPCR) or flow cytome-
try panels are much more informative and applicable for microbiome diagnostics. Both
next-generation sequencing (NGS) and shotgun metagenomic sequencing (MGS) are very
useful when reporting on the relative abundance of microorganisms [98-100].

Total RNA (transcriptome), proteins (proteome), metabolites (metabolome) and other
indicators of the microbiota have enormous potential to be used as diagnostic biomark-
ers. They would require standardization and calibration, but their application in clinical
diagnostics seems achievable and very useful. Volatile organic compounds such as ethane,
methane, ammonia, dimethylamine, etc., are produced by bacteria. They can be measured
in human fluids, and if there is a change in their levels, they can be used as biomarkers.

Short-chain fatty acids (SCFA) are one of the most important gut microbial products,
and influence various processes in the host [101-104]. They are natural inhibitors of histone
deacetylases, and an imbalance in the quantity in HDAC has been found in Parkinson’s
disease, depression, and schizophrenia [105-107]. They also would be a good diagnostic
tool for disorders in the microbiome.

A study showed that the gut microbiome can also influence neurotransmitters [108].
Isovaleric acid can cross the blood-brain barrier and affect the release of neurotransmitters
in the CNS. Another example of the influence of bacterial products on brain function was
shown by Collins and Bercik, 2009 [109]. Factor-S is extracted from the bacterial cell wall,
but accumulates in the brains of sleep-deprived people. Intestinal bacteria produce many
different metabolites with potential encephalotoxicity, which can be used as a diagnostic
tool in neurological dysfunction [110-113].

The use of different diagnostic methods, as well as the use of biomarkers, will reveal
the expression of genes, different products and metabolites that can contribute to clarifying
the association of the gut microbiome with the gut-brain axis, and how this affects the
development of neurological diseases.

6. Imaging Techniques for Gut-Brain Visualization

In patients with brain—gut interaction disruption (BGID), the gastrointestinal symp-
toms are typical, but the neurological changes are not specific, presenting with various
cognitive, emotional and memory disturbances, necessitating the study of methods that
objectify the neurological disturbances. The assessment of the interaction between the brain
and the gastrointestinal tract is possible owing to modern imaging methods and, above all,
functional magnetic resonance imaging (MRI). The disruption of brain—gut interaction is
present when there is a combination of GIT disorders with disorders in the function of the
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central nervous system. For a long time, specific brain functions, such as pain processing,
were thought to occur in isolated areas of the brain, but nowadays the process is seen
as a dynamic interaction between several brain areas. These findings were established
thanks to functional MRI, and in particular MR spectroscopy, which clarified the role of
the neurotransmitters and the brain metabolites [114,115]. Another method that allows
the assessment of brain—gut interactions is positron emission tomography (PET) using
radiolabeled ligands at sub pharmacological doses [116]. MRI scans study the presence
of certain receptor/transporter systems by scanning patients with BGID and comparing
them to healthy control groups. A study by Jarcho et al. investigated neurokinin-1 receptor
(NK-1R), finding that in patients with BGID, this type of receptor was reduced, with these
changes being demonstrated mostly in the hippocampus, amygdala, the cingulate region
and the basal nuclei [117]. Another receptor studied is the cannabinoid-1 receptor (CB1-R),
which in the functional magnetic resonance imaging of patients with BGID is increased
compared to healthy controls [118]. MRI spectroscopy allows in vivo quantification of the
neurotransmitters glutamate and GABA, as well as the inflammatory mediator myo-inositol.
In patients with impaired brain—gut interactions, a reduction in glutamate-glutamine in the
hippocampus region has been demonstrated [119].

Other MR studies of patients with brain—gut interactions include structural scanning
for measuring the portion of the cerebral cortex, as well as diffusion tensor imaging (DTTI),
which allows the measurement of microstructural integrity and connectivity. MRI allows
the assessment of brain white matter, brain topology and gray matter morphometry, and
also depicts anatomical and functional connectivity [120].

7. Translational Therapies

A wide array of neuromodulating substances, classically used in neurology and
psychiatry, can be precisely utilized to treat gastroenterological conditions. Amitriptyline,
a tricyclic antidepressant, is a cornerstone medication in gastroenterology due to its ability
to modulate neurotransmitter activity in both the brain and gastrointestinal tract. It exerts
its therapeutic effects in gastrointestinal conditions through multiple mechanisms. By
inhibiting the reuptake of neurotransmitters serotonin and norepinephrine, it enhances
their availability in the central nervous system, thereby modulating pain perception and
reducing visceral hypersensitivity. This analgesic action makes it particularly effective
in alleviating abdominal pain associated with irritable bowel syndrome (IBS), functional
dyspepsia, and non-cardiac chest pain [121,122].

Moreover, amitriptyline’s ability to modulate neurotransmitter levels also influences
gastrointestinal motility, potentially reducing symptoms of bloating and altered bowel
habits commonly seen in IBS. However, its use in gastrointestinal conditions is not without
considerations; side effects such as drowsiness, dry mouth, and constipation are common,
and may limit tolerability. Therefore, careful dosing and monitoring are essential in clinical
practice to balance therapeutic benefits with potential adverse effects. Despite these draw-
backs, amitriptyline remains a valuable option for managing gastrointestinal symptoms,
particularly in cases refractory to conventional therapies, highlighting its broad utility in
gastroenterology [122]. What makes it even more appealing is that the dosages that are
used to treat gastrointestinal conditions are substantially lower, on average 10-25 mg daily,
in comparison to those used in psychiatric disorders [121].

IBS is a chronic functional bowel disorder marked by abdominal pain and changes
in stool frequency. Its prevalence globally ranges from 5% to 10%. Despite its chronic and
fluctuating nature, there is no cure, and treatment focuses on managing symptoms. IBS
significantly impacts both individuals and society, with patients experiencing impairments
in quality of life comparable to those with conditions like Crohn’s disease, and worse than
those with non-gastrointestinal diseases such as diabetes or heart failure [123]. Amitripty-
line stands out for its comprehensive effects on both neurological and gastrointestinal
systems, making it a preferred choice for many clinicians in the management of functional
gastrointestinal disorders. The findings from the trial ATLANTIS indicate that low-dose
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amitriptyline, administered at 10 mg to 30 mg once daily, effectively alleviates symptoms
in patients with irritable bowel syndrome (IBS) in a primary care setting. The study, en-
compassing 463 participants, demonstrated a significant decrease in IBS symptom severity
scores over a 6-month period compared to baseline. Notably, amitriptyline’s efficacy per-
sisted irrespective of the duration of disease or symptom severity. While adverse events,
particularly anticholinergic effects, were more frequent with amitriptyline, they were gen-
erally mild and did not significantly affect trial adherence. These findings suggest that
low-dose amitriptyline represents a safe and well-tolerated second-line therapy for patients
with IBS who do not respond to first-line treatments. The results underscore the importance
of updating management guidelines to include low-dose amitriptyline as a recommended
option for IBS management in primary care settings [122]. Selective serotonin reuptake
inhibitors (SSRIs) are another class of medications used in gastroenterology. They primarily
regulate serotonin levels in the brain, thereby influencing gastrointestinal function as well
as numerous serotonin receptors in the GI tract. SSRIs have shown efficacy in managing
symptoms of IBS and inflammatory bowel disease [124]. Antipsychotic medications, such
as olanzapine and quetiapine, as well as the pro-kinetic and anti-emetic medication meto-
clopramide, may be used off-label to address gastroparesis and associated nausea and
vomiting. These medications act on dopamine receptors and serotonin pathways, offering
relief from gastrointestinal symptoms [125].

Emerging gastrointestinal therapies for neurological disorders primarily focus on inter-
ventions that target the GI tract to influence neurological function. These therapies include
gut microbiota modulation, which involves manipulating the gut microbiota composition
through probiotics, prebiotics, and fecal microbiota transplantation (FMT). In the realm of
treating neurological disorders, harnessing the therapeutic potential of the gut microbiota
holds immense promise. Probiotics, which are live microorganisms with potential health
benefits, have gained attention for their ability to restore gut microbial balance and promote
neuroprotective effects. By introducing beneficial bacteria into the gut, probiotics can en-
hance immune function, reduce inflammation, and influence neurotransmitter production,
thereby exerting positive effects on neurological health. Prebiotics, on the other hand, are
non-digestible fibers that serve as food for beneficial gut bacteria. By promoting the growth
of these beneficial microbes, prebiotics contribute to a healthier gut microbiota composition,
which in turn can modulate immune responses, reduce inflammation, and improve brain
function. Fecal microbiota transplantation (FMT) represents a more direct approach to
modulating gut microbiota composition by transferring fecal matter from a healthy donor
to a recipient with dysbiosis. While primarily used to treat gastrointestinal conditions
such as Clostridium difficile infection, emerging research suggests its potential efficacy in
addressing neurological disorders by restoring microbial balance and improving gut-brain
axis function [126].

Vagus nerve stimulation (VNS) is another emerging therapy with applications in both
gastrointestinal and neurological disorders. By modulating neural signaling between the
gut and the brain, VNS may offer therapeutic benefits for conditions like gastroparesis and
inflammatory bowel disease, indirectly influencing neurological function, which offers a
form of unique epilepsy treatment [127]. Furthermore, interventions aimed at strengthening
the intestinal barrier, such as certain medications or dietary supplements, may prevent
the translocation of pathogenic substances from the gut into the bloodstream, reducing
systemic inflammation and potentially benefiting neurological conditions [128].

Personalized medicine in gut-brain interaction disorders represents a promising
frontier, leveraging mechanistic understanding and genetic insights to tailor therapies
for individual patients. By elucidating the intricate interplay between the gut and the
brain, personalized approaches can address the unique molecular and physiological factors
contributing to each patient’s condition [129]. Tailoring therapies based on mechanistic
understanding involves identifying specific pathways or targets implicated in gut-brain
disorders and developing interventions that directly modulate these mechanisms. For
example, targeting neurotransmitter imbalances or immune dysregulation in the gut can
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help alleviate symptoms of neuro-psychiatric disorders such as depression, anxiety, and
autism spectrum disorders. By understanding the underlying mechanisms driving these
conditions, clinicians can select interventions that are the most likely to be effective for each
patient [130]. Genetic and biomarker-guided approaches offer further opportunities for
personalized medicine in gut-brain interaction disorders. Genetic testing and biomarker
analysis can identify individuals who may be predisposed to certain conditions or who are
likely to respond favorably to specific treatments. For instance, genetic markers associated
with gut microbiota composition or neurotransmitter metabolism can inform treatment
decisions, guiding the selection of probiotics, dietary interventions, or pharmacological
therapies tailored to an individual’s genetic profile [131].

By integrating mechanistic understanding, genetic insights, and biomarker-guided
approaches, clinicians can optimize therapeutic strategies, enhance treatment efficacy, and
ultimately improve patient care and quality of life.

These interventions impact neurotransmitter production and immune function, poten-
tially affecting conditions such as depression, anxiety, and autism spectrum disorders by
restoring microbial balance in the gut and modulating the gut-brain axis [126].

In Figure 2, we present an overview of gut-brain pathways and mechanisms, and how
we can intervene into them.
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Figure 2. Gut-brain axis pathways and mechanisms, and therapeutic approaches. Created with Servier
Medical Art, licensed under CC BY 4.0. Legend: TCAs—tricyclic antidepressants; TeCAs—tetracyclic
antidepressants; SSRs—selective serotonin reuptake inhibitors; SNRis—serotonin and norepinephrine
reuptake inhibitors; 5-HT4R—>5-hydroxytryptamine receptor 4; 5-HT1AR—b5-hydroxytryptamine re-
ceptor 1A; 5-HT3R—5-hydroxytryptamine receptor 3; NK1—neurokinin 1 receptor; IBAT—ileal
bile acid transporter; FXR—Farnesoid X receptor; CCL2—CC chemokine ligand-2; GC-C—Receptor
guanylyl cyclase C; HRH1—histamine and histamine receptor H1; CB2R—cannabinoid receptor 2;
u-OR—yp-opioid receptors; FMT—fecal microbiota transplantation; HO-1—heme oxygenase-1. Parts
of the figure were created using Servier Medical Art, licensed under CC BY 4.0.
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8. Dietary Interventions

Diet plays a significant role in modulating inflammation associated with neurological
diseases, which involves crucial interactions between the gut and the brain.

Kurowska et al. explored the significant role of diet in modulating inflammation
related to neurological diseases, emphasizing gut-brain interaction [132]. Various diets
can influence this interaction by affecting the gut microbiome and inflammation processes,
which are crucial in the development and progression of neurological disorders such as
Alzheimer’s disease, Parkinson’s disease, schizophrenia, depression, and multiple sclerosis.

The Mediterranean diet is rich in fruits, vegetables, whole grains, nuts, seeds, and olive
oil, and includes the moderate consumption of fish and poultry. It is known for its anti-
inflammatory and antioxidant properties due to high levels of omega-3 fatty acids, polyphe-
nols, and other bioactive compounds. This diet has been associated with reduced risks of
cognitive decline and neurodegenerative diseases like Alzheimer’s and Parkinson’s due to
its ability to modulate the gut microbiome and reduce systemic inflammation [132,133].

The Dietary Approaches to Stop Hypertension (DASH) diet emphasizes fruits, vegeta-
bles, whole grains, and lean proteins while limiting saturated fats, sugars, and sodium. Orig-
inally designed to combat high blood pressure, the DASH diet also offers anti-inflammatory
benefits that support brain health. By promoting the intake of nutrient-dense foods, the
DASH diet helps reduce oxidative stress and inflammation, which are critical factors in
the prevention and management of neurological diseases. This diet’s balanced approach
ensures a steady supply of essential nutrients that support overall brain function [132].

The ketogenic diet (KD) is a high-fat, low-carbohydrate, and adequate-protein diet
that has shown significant therapeutic potential in various neurological disorders [132].
One of the most established benefits of the KD is its effectiveness in reducing seizures in
drug-resistant epilepsy. Studies have demonstrated that this diet can significantly decrease
seizure frequency in many patients, especially in children, with some experiencing a
complete cessation of seizures. This diet’s anti-seizure properties are believed to stem from
its ability to stabilize neuronal activity and reduce excitotoxicity [132,134].

The ketogenic diet has shown potential benefits in managing Alzheimer’s disease
by targeting several underlying mechanisms associated with the disease. The KD works
primarily by shifting the brain’s energy source from glucose to ketone bodies, such as
beta-hydroxybutyrate. This metabolic switch enhances mitochondrial function and re-
duces oxidative stress by decreasing the production of reactive oxygen species (ROS) and
increasing the efficiency of the electron transport chain through the expression of uncou-
pling proteins [135,136]. Additionally, ketone bodies activate the nuclear factor erythroid
2-related factor 2 (Nrf2), which boosts the brain’s antioxidant defenses [136].

Another critical aspect of the ketogenic diet is its anti-inflammatory effects. The diet
inhibits the activation of nuclear factor kappa light-chain-enhancer of activated B cells (NF-
kB) and the nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3)
inflammasome. These actions help reduce neuroinflammation, a significant contributor to
the progression of AD. Furthermore, the diet’s modulation of histone deacetylases (HDACs)
enhances memory encoding and cognitive functions [136].

Studies in animal models of AD have shown that the ketogenic diet can improve cognitive
performance and reduce the deposition of amyloid plaques, a hallmark of AD pathology [137].
These findings suggest that the ketogenic diet’s neuroprotective effects are mediated through
its ability to stabilize synaptic functions and enhance neurotransmitter pathways.

Opverall, the ketogenic diet presents a promising non-pharmacological intervention for
Alzheimer’s disease by improving mitochondrial function, reducing oxidative stress and
inflammation, and supporting cognitive health [132,135].

Research has shown that a diet rich in antioxidants, like vitamins C and E, and beta-
carotene, may lower the risk of developing Parkinson’s disease [138]. The Mediterranean
diet has also been linked to a reduced risk of PD, while diets high in saturated fat and
cholesterol may increase the risk [132]. Additionally, the Mediterranean diet has been
shown to reduce inflammatory markers and improve motor function in PD patients [132].
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Probiotics, found in foods like yogurt and kimchi, have been associated with improved
metabolic state in PD patients [139]. The ketogenic diet has also shown promising results
in improving symptoms and reducing inflammation in PD patients [132].

In Huntington’s disease (HD), oxidative stress and inflammation play critical roles in
disease progression. A diet enriched with antioxidants, such as elderberry, has been shown
to improve motor function and reduce oxidative stress and inflammation in animal models
of HD [140]. A moderate Mediterranean diet has been associated with improved mobility
and quality of life, and reduced psychiatric impairment in HD patients [141]. Higher dairy
consumption and caloric intake have been linked to a higher risk of disease progression in
HD patients, while adherence to the Mediterranean diet has been associated with a higher
quality of life [142]. Additionally, a ketogenic diet has shown potential benefits in improving
symptoms and body weight management in HD, although high-fat diets may exacerbate
symptoms and disease progression [132]. Overall, dietary interventions hold promise
in managing symptoms and potentially slowing the progression of neurodegenerative
diseases like PD and HD.

Personalized nutritional interventions are proposed as a non-invasive and effective
strategy for managing these conditions through targeted dietary modifications [132].

9. Conclusions

In conclusion, our review highlights the complex interplay between the gut and
the brain, shedding light on the bidirectional communication pathways pivotal in health
and disease. Through synthesizing diverse research findings, we emphasize the signifi-
cant impact of gut-brain interactions on a spectrum of disorders, from gastrointestinal to
neurological conditions. These insights have profound implications for clinical practice, em-
phasizing the necessity of personalized medicine approaches. Furthermore, collaborative
efforts among multidisciplinary healthcare teams and researchers are crucial to validate
emerging therapies and advance our understanding of gut-brain interaction disorders. A
collective call to action for continued research and collaboration is warranted to address ex-
isting gaps, validate findings, and translate discoveries into impactful clinical interventions,
ultimately improving patient well-being and quality of life.
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