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SUMMARY The human body is full of an extensive number of commensal microbes, con-
sisting of bacteria, viruses, and fungi, collectively termed the human microbiome. The initial
acquisition of microbiota occurs from both the external and maternal environments, and
the vast majority of them colonize the gastrointestinal tract (GIT). These microbial commun-
ities play a central role in the maturation and development of the immune system, the cen-
tral nervous system, and the GIT system and are also responsible for essential metabolic
pathways. Various factors, including host genetic predisposition, environmental factors, life-
style, diet, antibiotic or nonantibiotic drug use, etc., affect the composition of the gut
microbiota. Recent publications have highlighted that an imbalance in the gut micro-
flora, known as dysbiosis, is associated with the onset and progression of neurological
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disorders. Moreover, characterization of the microbiome-host cross talk pathways provides
insight into novel therapeutic strategies. Novel preclinical and clinical research on interven-
tions related to the gut microbiome for treating neurological conditions, including autism
spectrum disorders, Parkinson’s disease, schizophrenia, multiple sclerosis, Alzheimer’s disease,
epilepsy, and stroke, hold significant promise. This review aims to present a comprehensive
overview of the potential involvement of the human gut microbiome in the pathogenesis
of neurological disorders, with a particular emphasis on the potential of microbe-based
therapies and/or diagnostic microbial biomarkers. This review also discusses the potential
health benefits of the administration of probiotics, prebiotics, postbiotics, and synbiotics and
fecal microbiota transplantation in neurological disorders.

KEYWORDS fecal-microbiota transplantation, gut microbiota, neurodegenerative
disorders, neuropsychiatric disorders, probiotic

INTRODUCTION

Microorganisms have inhabited the Earth for billions of years, and these organisms can be
found in almost every habitat in nature. Abundant and diverse microbial communities

also coexist in the bodies of host organisms, including humans. Bacteria and their hosts con-
stantly exchange genes and metabolites. Under the microscopic world of host-microbe interac-
tions, microbes harbor many metabolic pathways, exchange signals, cross talk with the host,
mediate different complicated pathways, and are significant drivers of host evolution (1–3).
There is no exception for the human body to be occupied by ample and different microbial
inhabitants. Most of themicrobes inhabiting humans, including bacteria, viruses, fungi, and arch-
aea, reside in the human gastrointestinal tract (GIT) and are termed “gut microbiota” (4).
Microbiome investigations have accelerated at a remarkable pace in the last 2 decades, demon-
strating the significant number of ways that these symbiotic microflorae influence the daily life
of human beings. It has been found that the gut microbiome has implications in the host physi-
ology, both in healthy and in diseased conditions, and can be considered a central regulator of
host pathology (5). Advancements in DNA sequencing and microbiome bioinformatics have led
to a less expensive but more sophisticated structural and functional microbiota analysis.
Intriguingly, 99% of the genetic information of human body are microbial, numbering over 100
million genes. Considering the human-microbiota coevolution, the microbiome plays a pivotal
part in the development and programming of all body systems (6, 7). Despite our parental ge-
nome, which is consistent in the duration of the host lifetime, themicrobiota is dynamic, diverse,
and capable of external input, highlighting its capacity as a novel target for clinical/therapeutic
intervention (8–10). The gut microbiome plays an essential role in several physiological proc-
esses, such as maintenance of homeostasis, immunomodulation, and regulation of the central
system (CNS) and enteric nervous system (ENS) (11–14). Furthermore, studies in mouse models
have also indicated the microbiota’s pivotal role in central neuroinflammation, neurodevelop-
ment, mood, and behavior (15). Dysbiosis of the gut microbial communities is particularly associ-
ated with a variety of central nervous system (CNS) disorders. Increasing evidence suggests that
there is a bidirectional gut-brain communication system between CNS, microflora, and the gut:
i.e., the microbiota-gut-brain axis (MGBA) (16, 17), Alzheimer’s disease (AD) (18), multiple sclerosis
(MS) (19), Parkinson’s disease (PD) (20, 21), and schizophrenia (SCZ) (22). In particular, reducing
the number of bifidobacteria was reported in individuals with AD (23). In addition, anti-inflam-
matory bacteria, such as the bacterial genera Coprococcus, Roseburia, and Blautia spp., were sub-
stantially less abundant in stool samples from subjects with PD (24). According to another study
on children suffering from autism spectrum disorder (ASD), the relative numbers of bacteria and
overall diversity are significantly reduced (25). In the present review, we discuss the association
of the gut microbiome and the CNS functions relating to neurological disorders (Fig. 1).

MICROBIOME-GUT-BRAIN AXIS
Microbiome Development

The initial colonization of microbes in the human body occurs at birth, when fetal
exposure to the maternal microbiota happens in the uterus. Several studies indicate
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that vaginal or C-section delivery influences the seeding process of the neonatal micro-
biome profiles, causing definite differences in their microbiome (26). Other factors in
the first stages of life, including the maternal-to-fetal exchange of microbes during
delivery, prematurity, breastfeeding, host genetics, environment, maternal infection,
obesity, and stress, as well as antibiotic and nonantibiotic exposure, can significantly
disturb the microbiome profiles of the newborns (27). The composition of microbes
inhabiting the GIT is relatively stable throughout life and is unique to every individual.

Several investigations on the metabolic activity of GIT microflora and the dynamic
cross-talks of microbe-host interactions revealed the necessity of these microbial com-
munities in maintaining the host homeostasis and health (28). In other words, the com-
plex biochemical signaling between the GIT and the brain, known as the gut-brain axis
(GBA), is mediated by the CNS, ENS, and gastrointestinal (GI) microbiota. Recent studies
on GBA have shown the importance of intestinal microbiota involvement in these
bidirectional interactions, namely, within the brain to GI microbiota and vice versa, via
neural, immune, humoral, and endocrine links (29). Research on the GBA has gained re-
markable consideration over the past several years, since the imbalances in the GI
microflora can impact the brain’s physiology, cognition, and also behavior (30–34). The
human GI microbiota contains more than 100 bacterial species (35, 36), including two
primary bacterial phylotypes, i.e., Firmicutes and Bacteroidetes, and fewer Actinomyces,
Fusobacterium, Proteobacteria, and Verrucomicrobia (37). Various elements such as
aging, infection, drugs, diseases, and nutrition may influence the microbiota and
human health (38, 39).

Neuronal Pathways for Gut-Brain Axis Interactions

There are two neuroanatomical pathways by which the gut communicates with the
brain. First, the brain and gut communicate directly via the vagus nerve (VN) and the
autonomic nervous system (ANS) in the spinal cord. Second, the bicommunication ENS
of the GIT, which, in addition to ANS and VN, leads to the bilateral interaction within
the gut and brain (40). Bacteria build a direct neural connection between the brain and
GI microflora through the VN and stimulation of ENS afferent neurons (41). Moreover,
vagal activation represents anti-inflammatory effects and many positive impacts on
the gut microbiota, as well as the probiotic stem, from the vagal activity (40). Several
preclinical investigations have revealed that the pathophysiology and pathogenesis of
intestinal disorders, including inflammatory bowel disease (IBD) and irritable bowel
syndrome (IBS), in addition to neurological diseases and psychiatric conditions, includ-
ing anxiety, depression, ASD, AD, MS, and PD, have implications with imbalance of the
gut microbial communities or “dysbiosis” in the gut microbiota (Fig. 2) (42–49).

FIG 1 Association of gut microbiome and CNS functions in neurological diseases.
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Chemical Signaling between the Gut and the Brain

Since there are several interactions within the microbiome-gut-brain axis (MGBA)
via multiple mechanisms (38, 50–52), the GI microbiome communicates with the CNS
is predominantly through the immune-related, neural, endocrine, and metabolic sig-
naling pathways (53). Using neurotransmitters such as dopamine, g-aminobutyric acid
(GABA), serotonin or 5-hydroxytryptamine (5-HT), neuropeptides, hormones (such as
secretion of corticotrophin-releasing hormone in the hypothalamic-pituitary-adrenal
[HPA] axis), and short-chain fatty acids (SCFAs), the brain and the residing microbes in
the gut communicate with each other (Fig. 2) (50, 54–56). Moreover, the gut micro-
biota has an impact on the regulation of neurotransmitter secretion, such as serotonin.
For instance, Bifidobacterium infantis affects central serotonin transmission by increas-
ing plasma tryptophan, a precursor to serotonin levels (57). It has also been reported
that several neurotransmitters, including acetylcholine, dopamine, noradrenaline, and
serotonin are synthesized by different bacterial species (58, 59). Microbiota-derived
metabolites, including vitamins, neuroactive metabolites (e.g., SCFAs), and neurotrans-
mitters, mediate bidirectional MGBA interactions to modulate host neurophysiology

FIG 2 Molecular communication pathways among the microbiota and the brain via the gut-brain axis (GBA). Several direct including, vagus nerve, and
indirect pathways, such as cytokines, SCFA, and essential dietary amino acids (e.g., tyrosine, histidine, and tryptophan), have roles in modulation of the gut-
brain axis by gut microbiota. The gut-brain axis is comprised of the immune pathway (including cytokines); microbial metabolites; the neuroactive
pathway, such as neuroactive metabolites and neurotransmitters; and the neural pathway (spinal nerves, enteric nervous system, and vagus nerve); the
endocrine pathway; and the hypothalamic-pituitary-adrenal axis. Microbes residing in gastrointestinal tract are capable of neurotransmitters synthesis,
including GABA, serotonin, dopamine, and noradrenaline, locally playing an essential part of the cross talk between the host and the microbiome. Bacterial
neuroactive metabolites and dietary molecules can alter the brain and behavior in several ways that are still being discovered, such as influencing
epithelial cells to affect the function of the epithelial barrier, hormone release from enteroendocrine cells, and modulation of microglial and immune cells
functions through dendritic cells. Abbreviations: AD, Alzheimer’s disease; ASD, autism spectrum disorder; MS, multiple sclerosis; PD, Parkinson’s disease;
HDP, host defense proteins; EC, enterochromaffin cells; 5-HT, 5-hydroxytryptamine (serotonin); SCFAs, short-chain fatty acids; GABA, g-aminobutyric acid;
LPS, lipopolysaccharide; TPH, tryptophan hydroxylase.
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and immunity (42, 60, 61). How these microbial products influence brain function still
needs to be elucidated, since blood-brain barrier (BBB) and several feedback loops inhibit
direct access to the brain. Accordingly, they exert influence directly following their transpor-
tation across the BBB or indirectly via neuroendocrine, immune, or vagal pathways (61–64).

MGBA in the Context of Psychiatry

As previously described, the intestinal bacterial species can interact reciprocally with the
CNS via several mechanisms, such as alteration of the microbial population (65), stimulation
of the immune system (66), and through neural pathways (67) and tryptophan metabolic
pathways (68, 69) and via microbial metabolites (70). The GI microflora can affect the CNS
by synthesizing or mimicking different neuroactive compounds, such as serotonin, melato-
nin, histamine, GABA, acetylcholine, and catecholamines (71). Moreover, the SCFA products
of microbial carbohydrate fermentation can also influence the CNS by entering the systemic
circulation (72). Furthermore, the GI microbiota produces several proteins and neurotro-
phins, such as postsynaptic density protein 95 (PSD-95), synaptophysin, and brain-derived
neurotrophic factor (BDNF) (67). It has been reported that several other factors can affect
the MGBA, including the intestinal microbiota, permeable intestine, and hypersensitivity to
food antigens (73). The VN can transfer endocrine, neuronal, and microbial alterations in the
GIT to the brain (74). The gut epithelial lining includes ENS neuron endings, which can sense
and respond directly to the luminal contents or indirectly to the neurochemicals synthesized
by the GI microflora or enteroendocrine cells, in addition to their communication through
the VN. Antibiotics and nonantibiotic drugs, GI neuromodulators/neurotransmitters, infec-
tious or noninfectious agents, essential metabolites, and sensory vagal neurons altogether
transfer the required information about the intestinal state to the CNS (75). Thus, various
afferent and efferent pathways are involved in the functioning of the GBA. Through the
bidirectional connection in the MGBA, the HPA, the CNS regulatory areas of satiety, and the
neuropeptides synthesized by sensory neurons can influence GI microfloral composition.
These interactions can affect the pathogenesis of several diseases where inflammation is
mainly involved, such as ASD and ADHD, as well as mood and anxiety disorders (76, 77).
Chrobak et al. (78) reported that chronic inflammation might play a substantial role in the
etiopathology of major depressive disorder (MDD), and the dysregulation of homeostasis of
intestinal bacterial species may give rise to such inflammation, suggesting a central role of
the GI microflora in affecting brain development, mood, and behavior. These authors con-
cluded that physiological and emotional stress can affect gut microbiome composition (79).
Jacka et al. also reported that dietary interventions hold significant promise as a potential
target for improving psychiatric disorders through modulation of the intestinal microbiome
(80, 81). Several neuropsychiatric and behavioral disorders are correlated with responsive
stress conditions, including chronic stress, dysregulated HPA axis stress response, and indi-
vidual coping skills and strategies and resilience to stress, which are now found to be poten-
tially modifiable targets through modulation of the gut microbiome. Through bidirectional
interactions between the GI microflora and other environmental risk factors, including stress
and diet, it has been proposed that targeting the gut microbiome may impact the preven-
tion and treatment of mental and behavioral disorders. However, this subject still needs fur-
ther investigation.

Gut Microbiome and Neurodevelopment

Brain development is an intricate process that generally begins in the third gestational
week and continues through late adolescence (82). Various factors can affect brain develop-
ment, among which the role of GI microflora has been recently discovered. Recently, the
impact of the gut microbiome in behavioral modulation has been demonstrated in both
rodents and humans (43). In addition, there have been many studies on the correlation
between a healthy microbiome and appropriate development of neural systems and neural
circuits (83). Over 100 trillion microbes inhabit the GIT (84). Different factors, such as modes
of delivery, the type of feeding, the mother’s diet, and antibiotic and nonantibiotic drug
administrations, have a significant influence on the infant gut microbiome composition and
its maturation (85). The first 3 years of life are considered the central period for the formation
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of GI microbiota and brain synaptogenesis (86). Moreover, investigations on germfree (GF)
mouse models have suggested a correlation between GI microflora, behavioral performance,
and brain functions. Stress responses were much more intense than the specific pathogen-
free (SPF) mice (87). Moreover, it has been reported that the reduced levels of synaptogene-
sis markers in the GF-mouse models, including synaptophysin (88, 89) and PSD95, which are
responsible for synaptic maturation, respectively (90, 91), highlight the importance of com-
mensal bacteria in the development of the brain. Based on these results, the gut microflora
appears to have a central role in forming the neural networks during brain development. As
previously stated, there is an association between CNS functions and the GIT, known as the
cross talk between the brain and the gut, interacting with the VN, the ENS, the immune sys-
tem, and the circulation (85). The GI microbiome can influence the nervous system, whether
by direct input transmissions into the brain via the VN or by indirectly activating the entire
GI tract’s ENS (92). However, the molecular mechanisms underlying the behavioral traits
influenced by probiotic administration throughout the VN have not been fully elucidated,
and no operational alteration in the neuronal pathways of these particular regions was con-
sidered. Remarkably, administration of Lactobacillus rhamnosus (JB-1) resulted in decreased
anxiety and corticosterone levels, as well as upregulation of GABA receptors in the brains of
BALB/c mouse models. In addition, the absence of similar outcomes in vagotomized animal
models supports the involvement of vagal nerve in MGBA that can be affected by certain
probiotics (93). Indeed, investigations on healthy adults with the minor allele rs16944 as a
risk factor increasing the interleukin-1b (IL-1b) production revealed that the treatment with
probiotics could alleviate anxiety symptoms, suggesting the application of psychobiotics in
personalized anxiety disorder therapy (94). It should be noted that some of the behavioral
phenotypes influenced by gut-residing commensals are independent of the ANS and the
VN. Accordingly, it was concluded that the gut flora induces central levels of neurotrophic
factors of the brain, as well as affecting behavior, in mice, independent of the ANS and GI
neurotransmitters (95). Gut microorganisms can exchange sensory information with the
host via the production of a large number of metabolites, including the neurotransmitters,
GABA, serotonin, dopamine, and noradrenaline, as well as several vitamins and SCFAs, in the
gut lumen (96). Subsequently, some of these molecules can pass through the BBB, get to
the brain, and influence the neuronal circuits. Among these metabolites, SCFA, the main
metabolite produced from dietary fiber (DF) fermentation by colonic bacteria, performs criti-
cal roles in regulating neuroimmunoendocrine, metabolic homeostatic, infectious, and
inflammatory functions (68, 97). SCFA is exploited as an essential energy source by neurons
and glial cells in the CNS, contributing to brain development. Studies indicate that butyrate
and propionate act as histone deacetylase (HDAC) inhibitors and ligands for a subset of G
protein-coupled receptors affecting gene expression and host epigenome (98). Moreover,
symbionts residing in the GI tract play a primary role in host immune system development.
Microbe-derived metabolites and the microbe-associated molecular patterns (MAMPs) of
the GI tract can stimulate immune cell activation and regulate brain behavior and functions
(99). Investigations revealed that the GI microbiome and their products substantially affect
microglia, the major resident macrophages in the brain, before birth until adulthood and
can regulate their inflammatory responses in the CNS (100). Microglia play a significant role
in regulating the correctness of neuronal network wiring in the CNS through synaptic prun-
ing during brain development (101). Consequently, altered GI microflora correlates with sev-
eral microglia-associated neurological disorders in humans (102). Furthermore, SCFA treat-
ment, which contributes to the complete recovery of innate immune response impairments
in GF mice, suggests that GI microflora signals play a pivotal role in maintaining microglia
functions (102). New clinical evidence has implied correlations between GI tract perturba-
tions and neurological diseases. Several studies reported that a subset of autistic individuals
shows symptoms of chronic constipation, higher intestinal permeability, abdominal pain,
and disturbed intestinal microbiota, thus providing a possible connection between dysbiosis
and neurodevelopmental disorders (103). Microbial transfer from the mother to the fetus,
the mode of delivery, antibiotic exposure, and the dietary regimen can change infant micro-
biota colonization and maturation. These environmental factors in the composition of
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intestinal commensals and functions can contribute to the long-lasting impact on human
host health and may result in the development of illnesses later in life (104). In addition,
mouse studies have shown that supplementation of antibiotics during pregnancy leads to
the disruption of maternal and neonatal intestinal microflora, subsequent reduction in loco-
motor activities, and alterations in neonate behavior (105). Accordingly, clinical evidence
supports the association of antibiotic-induced dysbiosis with the development of several
neurodevelopmental disorders, including schizophrenia, depression, and bipolar disorders.
Furthermore, imbalanced development of the host microbiota during premature birth is
associated with a much higher risk of developing psychiatric disorders, such as depression
and schizophrenia (106). Although more studies are needed to clarify the molecular inter-
connection between the above-mentioned factors and neurodevelopmental disorders,
manipulating early-life microbiota can be considered a profitable approach for preventing
ASD and other neurological disorders (106).

Gut Microbiota-Brain Signaling through the Immune System

The immune system and the CNS are both complex and organized systems that
control and regulate numerous functions throughout the body, sharing common char-
acteristics in operational modes and developmental processes. It has been acknowl-
edged that molecules involved in innate immunity, such as Toll-like receptors (TLRs),
cytokines, the complement family, and adaptive immunity-related molecules such as
antibody receptor and the major histocompatibility complex (MHC), are also produced
in the brain and play critical modulatory roles in brain development. Moreover, despite
previous beliefs about the brain as an immune-privileged organ, it contains meningeal
lymphatic vessels. The presence of lymphatic vessels in the meninges provides insight
into a possible link between the CNS peripheral immune system, influencing autoim-
munity (107). Moreover, lymphocyte and microglia can regulate cognition and are also
essential for the correct wiring of neuronal circuits (108). The vasculature of most areas
of the brain develops tissue-specific properties of selective BBB, allowing the passage
of required molecules to the brain and limiting the penetration of potentially toxic sub-
stances or cells. However, circumventricular organs, including the median eminence,
pineal gland, area postrema, and subfornical organ, contain highly permeable capilla-
ries (109). The vasculature of this specific area, located adjacent to the third and fourth
ventricles, is characterized by fenestrated capillaries essential for the functions of these
nuclei, which detect either the solute concentration of blood or the secretion of mole-
cules into the bloodstream (110).

Microglia are macrophages that constitute up to 10% of all neural cells (111). They
are responsible for the fundamental role of active immune defense in the CNS (112).
Moreover, the immune cells have the ability to infiltrate the brain. Either the infiltrating
immune cells or the microglia are capable of interacting efficiently with the CNS and
affect brain function and pathology as well (113, 114). Microglia emerge from the em-
bryonic progenitor cells and can undergo the process of renewing themselves in the
CNS. They are involved not only in the typical immune functions, such as phagocytosis
and antigen presentation, but also in some brain physiological activities (115). Immune
cells such as neutrophils, macrophages, T cells, and natural killer (NK) cells enter from
the brain’s peripheral circulating blood. Microglia have a tremendous impact on
behavior and on some neurological disorders, such as neurodegenerative diseases
(116, 117). Currently, it has been indicated that the GI microbiome plays a central role
in developing the immunity of the brain. The GI microbiome affects microglial cell mat-
uration in the uterus from the initial levels of development. The existence of gut micro-
flora is also essential for the microglia function in adulthood (118). To illustrate further,
a study in GF mice exhibited weakened microglial maturation. The gut microbiota may
influence the microglia maturation by producing SCFAs (102).

Based on these findings, there is no doubt that the GI microflora plays a substantial
part in the onset of several autoimmune disorders and that brain-infiltrating immune
cells are vital in CNS autoimmunity. Recent investigations on brain autoimmunity dis-
eases, including MS and experimental autoimmune encephalomyelitis (EAE), highlight
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the importance of microbial communities residing in the gut (119, 120). Remarkably,
microbiome transplantation from individuals with MS to GF mice triggered an
increased risk of EAE compared to healthy donors as negative controls. Moreover, the
modulation of T lymphocytes by the gut microbiota and their derived metabolites,
such as SCFAs, leads to reduced EAE-associated axon damage (120–122). Other micro-
bial metabolites, such as tryptophan, regulate the inflammation of CNS in the EAE
models and mediate elevated astrocyte activation (123). Generally, adult brain neuro-
genesis is influenced by the gut microbiota of the host. Antibiotic treatments of adult
mice affect both the diversity of gut microbial communities and the neurogenesis of
the hippocampus (124). Interestingly, the administration of mice with normal SPF flora
versus probiotics in the neurogenesis-deficient mice revealed that only probiotics have
the capability to reconstitute the gut microbiota. Moreover, supplementation of recon-
stituted microbial flora SPF mice with probiotics demonstrated an increased number of
infiltrating Ly6C high monocytes and showed improved neurogenesis (125).

Under normal circumstances, the immune system and microbiota collaborate, lead-
ing to the appropriate immune responses. However, disorders such as autoimmune
and inflammatory diseases are rooted in the failure of immune responses (126). Many
recent studies demonstrate a connection between the gut microbiome and the brain
and between the gut microbiome and immune system modulation. Studies on GF and
control rodents revealed that the absence of an intestinal microbiome intensifies anxi-
ety-like behavior. Moreover, this behavior could entirely be cured, if the gut microbiota
was recovered in early life. Microbial metabolites can be transferred to the brain
through blood circulation and affect the VN or immune system and inflammatory
responses, indicating that the disturbance of microbial metabolism due to dysbiosis
can have a tremendous impact on anxiety-related disorders (127). In addition, GI micro-
biome-derived products, including LPS and amyloids, have been shown to be impor-
tant contributors to particular signaling pathways and proinflammatory cytokines
involved in neurodegenerative inflammation (128). Hence, dysbiosis of GI microbes in
AD patients and “leaky gut syndrome” can be considered central pathophysiological
links in the transport of microbiome-derived neurotoxic products across the BBB, lead-
ing to the progression of AD (129).

Gut microbial communities modulate immune responses in the gut, either directly or
indirectly, by recruiting different immune cells under various immunological conditions.
Next-generation sequencing (NGS) and metagenome analysis have revealed that there are
five main phyla in the mammalian gut microbiome: including Actinobacteria, Bacteroidetes,
Firmicutes, Proteobacteria, and Verrucomicrobia (130). Although there is a unique gut micro-
biome fingerprint between individuals, there is a balance in its microbial composition, which
would negatively affect the host (131). Dynamic and heterogeneous features of the GIT
are fundamental in the homeostasis of the host. It has been reported that imbalanced
immune system development, characterized by a reduced level of GI lymphocytes,
reduced the numbers of immunoglobins A (IgAs), antimicrobial peptides (AMPs), and
immature gut-associated lymphoid tissues (GALT) in GF mice compared to wild-type mice,
highlighting the essential significant role of the GI microbiome in the formation of host im-
munity (132). Moreover, the enteric immune system is vital in distinguishing between
commensals and pathogens and in determining what leads to an immunological tolerance
to them. Consequently, intestinal flora can modulate immune system development and
function, shaping the gut microbial communities and regulating the pathogens on muco-
sal surfaces of the intestinal tract. For instance, it has been reported that a decreased num-
ber of T helper 1 (Th1) and Th17 cells, together with a decrease in IL-22 and IL-17 in GF
mice, contributes to a lower number of lamina propria (LP)-associated CD41 lymphocytes
(133, 134). Specific bacterial species perform a fundamental role in the formation of the
immunological functions of different immune cells. Th17 cells are capable of the antipath-
ogen host defense, and multiple reports also indicate their importance in the pathogenesis
of autoimmune diseases. A reduction in these types of cells indicates a correlation
between decreasing or the complete absence of segmented filamentous bacteria (SFB) in
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the GI microflora, indicating their potential in the differentiation of Th17 cells and the
induction of IL-22 and IL-17 (135, 136).

In addition, the GI microbiome influences the development of intestine-resident B
lymphocytes at the LP, since lower counts of B cells at the LP have been reported in GF
mice (137). Moreover, this type of cell is also able to produce IgA as strong regulators of the
microbial compositions. This indicates prominence in contributing an immune tolerance
to the commensal microbes and reaching a broad diversification for IgA at the LP (138).
Accordingly, these investigations concluded that the gut microbiome influences the induc-
tion and the development of intestinal T and B cell responses. The gut microbiome plays an
essential role in the activation of CD81 T lymphocytes in the gut. Recent investigations high-
light the importance of the functional metabolic patterns induced by the microbial commun-
ities within the GIT milieu rather than the presence of a single or a microbial consortium lead-
ing to the modulation of mucosal immunity. The microbial communities residing in the gut
are an important source of various metabolites, and the interactions between these microbial
metabolites and the gut-mucosal immune cells are important for T-reg cell differentiation or
T-eff cell properties (139). SCFAs, such as butyrate, produced from microbial DF fermentation
are mainly produced by Firmicutes, despite acetate and propionate being primarily fermented
by Bacteroidetes (140). Investigations of SCFAs demonstrated that, in addition to the enhance-
ment of the function and the number of regulatory T lymphocytes in the enteric system, they
can also promote anti-inflammatory effects and gut-barrier function based on their inhibitory
effects on the transcription factor NF-kB and HDAC activity (141–144). Tryptophan derivatives
produced by microbial gut flora binding to the aryl hydrocarbon receptor (AhR) affect the
function of the intestinal immune system. Moreover, the production of indole-3-aldehyde
and tryptophan catabolism by a commensal gut bacterium, e.g., Lactobacillus reuteri, ulti-
mately lead to binding to the AhR and trigger the IL-22 pathway (145, 146). Furthermore, the
intestinal microflora can produce arginine derivatives including, diamine, spermine, spermi-
dine, and polyamines, causing the modulation of immune responses by enhancing the ho-
meostasis of both resident immune cells and the intestinal mucosa (147, 148).

GUTMICROBIOTA AND AGING

Recent advancements in NGS and metagenomic technologies have made it possible
for scientists to investigate compositional changes in the gut microbiota of the elderly
(149). Based on recent research, increases in Bacteroidetes and Proteobacteria, especially
Gammaproteobacteria, and remarkable reductions in Firmicutes and Bifidobacterium have
been observed with aging (150, 151). These age-associated variations can be linked to
many external factors, such as diet and a decrease in fibrous foods (152), a large amount
of antibiotic consumption, and general alteration of living conditions (153). The ENS is
one of the most intricate and substantial parts of the peripheral nervous system, which is
made up of small ganglia and neurons. These neurons are distributed throughout the
GIT membrane (154, 155). The ENS has a significant role in intestinal cell activities, nutri-
ent absorption, and gut hormonal secretion (154, 156, 157).

The enteric nervous system (ENS) goes through a dramatic developmental change
during the host life, while maintaining its flexibility in terms of its pathophysiological
functions (156, 158). Therefore, it seems quite logical that the ENS starts to debilitate,
along with the host microbiota, immune system, and physiology, with aging (Fig. 3).
Various studies have focused on this topic, but the mechanisms remain ambiguous
since the results are not consistent (159). Some investigations have observed a decrease in
the amount and function of the myenteric neurons with aging (160, 161), while other stud-
ies have reported no such consequences (162, 163). Hence, whether the ENS undergoes
changes with aging is still being seriously debated. Investigations on ENS alterations with
aging have indicated changes in the morphology of enteric ganglia (164, 165), the identifica-
tion of degenerating nerve fibers (163, 166), and a-synuclein (a-syn) and lipofuscin accumu-
lation (167, 168). These reports indicate a correlation between aging and ENS degeneration,
although some mechanisms and pathways remain to be elucidated. Hence, it is reasonable
to hypothesize that the ENS undergoes some degenerative changes in line with the changes
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in host physiology, metabolism, microbiota, and the immune system associated with aging
(Fig. 4).

Considering the distinct functional and morphological characteristics of ENS cells,
different cell types play a major role in the susceptibility of age-related diseases. The
burden of oxidative DNA damage and reactive oxygen species (ROS) production in
metabolically active nerve cells might be another underlying element of ENS aging,
both directly or indirectly (169). According to studies highlighting the importance of
reducing calcium-binding protein expression in geriatric animal models, calcium dysregula-
tion can also be considered to be involved in ENS senescence (170, 171). It has also been
reported that during the aging process, sodium channel gene expression in the enteric nerv-
ous cells is significantly altered (172). Further studies on the magnitude and features of these
age-related alterations are needed. Moreover, additional research on the age-related impacts
on the ENS are essential and may contribute to a new understanding of these complex
aging and gastrointestinal tract associations, and they may also introduce novel opportuni-
ties to discover new therapeutic approaches for treating various age-related neurological
disorders, as well as for improving the quality of life among geriatric populations. Likewise,
considering the microbes colonizing in the vicinity of enteric neurons in the gastrointestinal
tract, it appears that the ENS is highly correlated with or may be affected by the intestinal
microflora. Several studies have indicated that ENS development in newborn infants is

FIG 3 Schematic presentation of molecular pathways by which the changes related to age in gastrointestinal tract (GIT)
microflora and the neuro-entero-endocrine system might influence the brain’s health through dysfunction of the gut-brain
signaling pathway. In healthy adult individuals, the balanced gut microflora and gut barrier integrity contribute to maintaining
balanced microbial communities and their metabolites, including SCFAs. In addition, the appropriate production of
neurotransmitters in the gastrointestinal tract aids in the maintenance of controlled enteric- inflammatory and immune systems
via the balanced proliferation of macrophages and dendritic cells, which finally leads to controlled gut-brain communication and
appropriate functioning of the CNS. However, in the senescent host, an alteration in the diversity of gastrointestinal microbial
communities and disruption of gut barrier integrity contributes to the perturbation of the biochemical and microbial
microenvironment of the epithelial cell lining of the GI tract through unbalanced levels of SCFA, LPS, 5-HT, histamine, secretory
immunoglobin (sIgA), etc. Consequently, inducing an overactivated inflammatory environment in the intestinal environment leads
to the disruption of healthy gut-brain communication. Abbreviations: SCFA, short-chain fatty acids; LPS, lipopolysaccharide; 5-HT,
5-hydroxytryptamine; TNF-a, tumor necrosis factor a; IFN-d , interferon d ; IL-6, interleukin-6; MCP-1, monocyte chemoattractant
protein 1; CNS, central nervous system.
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shaped by early exposure to gut-resident microbes (173–175). Furthermore, the intestinal
microbiota can regulate the initial colonization of LP by glial cells, as well as homeostasis (176).

Similarly to the substantial changes of the gut microbiota during the aging process
(161), enteric neurons show more susceptibility to age-related impairments in adults
(168). The altered equilibrium of the gut microbiota, including the enhancement of
opportunistic pathobionts and the reduction of beneficial or commensal microbes, can
contribute to the different microbial metabolite profiles of the gastrointestinal tract
(177, 178). Consequently, the elevated levels of intestinal inflammation induced by the
age-related alterations of the gut microflora influence the ENS and cause impairments
or loss of different physiological and neurochemical functions of the enteric neurons,
contributing to the onset of age-associated diseases (157, 178).

Remarkably, it has also been concluded that the ENS modulates the gut microflora’s
community composition, maintaining and promoting intestinal health. Moreover, the
absence of gut microbial communities can lead to abnormal and altered functions of
the ENS (179). It has also been shown that the development of gut dysbiosis and intestinal
pathology is correlated with perturbed gastrointestinal motility (178–180), indicating the
essential role of the ENS in gut microbial population maintenance and prevention of the
overgrowth of pathobionts that can drive host diseases. Although the exact mechanisms still
need to be clarified, the complex cross talk and interactions among gut microbiota, the mu-
cosal immune system, enteric neurons, and intestinal epithelial cells in the view of the GBA
and neuropathies of elderly populations highlight the importance of research in this area
and the need for further research (157, 181, 182).

Several studies demonstrated that the aged microbiome itself is sufficient to cause
cognitive impairment. Investigations on microbiota transplantation have indicated that
an aged gut microbiome can cause morbidity in young recipients. For example, it was
reported that gut microbiota transplantation from old donor mice to GF recipient mice

FIG 4 Organizational structure of the main steps implicated in the bioinformatic analysis of the gastrointestinal microbiome. The general overview of the
bioinformatic analysis pipelines is divided into two branches based on the type of sequencing, including 16S rRNA gene microbial profiling and shotgun
metagenomics. After microbial DNA extraction and sequencing, the pipeline determines the taxonomic profiling of the gut microbiota and the genomes’
reconstruction, in addition to a functional analysis of the genes. This schematic presentation depicts the major steps and may be modified according to
the analysis’ ultimate objective. ASV, amplicon sequence variant; OTU, operational taxonomic unit.
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contributed to increased intestinal inflammation and permeability, which showed a correla-
tion with higher levels of Proteobacteria and TM7 bacteria (183). A recent study showed that
fecal microbiota transplantation (FMT) from aged donor mice contributed to impairments in
spatial learning and memory in young recipient mice, followed by a significant reduction of
SCFA-producing bacteria, including Faecalibaculum, Lachnospiraceae, and Ruminococcaceae
(184). Furthermore, FMT from aged mouse models to GF mice led to a reduction in fecal
SCFA production, the promotion of depressive-like behavior, and short-term memory
impairments, indicating that the aged gut microbiome is able to reduce SCFA levels of the
host and subsequent cognitive decline (185). In addition, Li et al. reported that FMT from
aging donors to young recipient rats led to higher cognitive behavior impairment, synaptic
structural alterations, elevated levels of glycation end products, and increased inflammatory
and oxidative stress in recipient young rats (186).

GUTMICROBIOTA IN NEURODEVELOPMENTAL DISORDERS
Autism Spectrum Disorder

Autism spectrum disorder (ASD) comprises a complex range of neurodevelopmental
symptoms, including the impairment of social interactions and communication, together
with restrictive and repetitive patterns of behaviors (187). Recent epidemiological studies
from the CDC Autism and Developmental Disabilities Monitoring (ADDM) Network
revealed that an incidence of 1 in 54 children had been identified with ASD. Moreover,
male individuals with ASD outnumbered females by 4.3:1 in 2016 (188). The exact etiology
of ASD is still undetermined. However, there is considerable clinical evidence indicating that
genetic and environmental factors play crucial roles in the onset of the disease. More than
100 genes and genomic regions that impact the development of CNS have been identified,
which may be associated with the development of ASD (189). Environmental factors, such
as malnutrition, viruses, and developmental errors during infancy (190) and, specifically,
maternal autoantibody against seven proteins in the developing brain (191) have also been
associated with ASD. These environmental factors have now been shown to have a much
more crucial contribution in ASD than was previously thought (192). In recent decades, it
has been discovered that gut microbiota and brain interactions play a critical role in neuro-
psychiatric diseases such as autism. Moreover, about 40% of individuals with ASD experi-
ence more gastrointestinal dysfunction (193, 194), including alteration of bowel function
and abdominal cramps (pain), diarrhea, reflux, and vomiting (195). Accordingly, the correla-
tion of the GI symptoms and severity of ASD shows the importance of the connection
between the gut microbiota and the brain (196).

The composition of gut microbiota is related to age. Alterations in the normal composition
of the gut microbial communities would increase the numbers of pathogenic microbes and
thereby subsequent infections (197, 198). Moreover, recent data suggest that GI disturbances
and CNS symptoms in autistic patients may be related to inflammatory states induced by gut
dysbiosis (52, 187). According to the latest studies, autistic children have shown significant gut
microbiota composition changes, and the GI symptomsmay represent the inflammatory proc-
esses (199). Inflammation is correlated with increased permeability of the intestinal mucosal
barrier to the bacterial neurotoxic peptides such as lipopolysaccharide (LPS) and the produc-
tion of inflammatory cytokines (195). Bacterial metabolites play a vitally important contribution
in the GBA; therefore, disruption in gut-brain signaling may be involved in neuropsychiatric
disorders such as ASD and PD (200). It has been demonstrated that a high-fat diet that influen-
ces fetal microbiota in pregnant women may also be related to ASD (201). Moreover, breast-
feeding for 6 months reduced the chances of ASD manifestation, whereas formula-feeding
was associated with an increase in the abundance of Clostridium difficile in the gut (202). Since
probiotics can play an anti-inflammatory role and reduce the gastrointestinal symptoms of
IBD subjects (203–206), it has been reported that microbial interventions, such as probiotics,
can contribute to the reduction of social behavioral symptoms and the level of inflammation
in individuals with ASD (207). Recent studies on the potential of microbial intervention in pre-
venting and treating ASD have been summarized in Table 1. The gut microbiota in autistic
children and even adults is thoroughly different from healthy controls (200). Investigations on
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fecal samples of autistic children indicated a decrease of Bacteroidetes/Firmicutes ra-
tio due to a reduction in numbers of Bacteroidetes (200) Furthermore, an increased level
of Lactobacillus, Clostridium, Desulfovibrio, Caloramator, Alistipes, Sarcina, Akkermansia,
Sutterellaceae, and Enterobacteriaceae has been seen in children with ASD (200, 208, 209).
Many researchers have evaluated the abundance of Clostridium and its role as a risk factor.
Weekly treatment with vancomycin on autistic children resulted in a significant improvement
of neurobehavioral and gastrointestinal symptoms (210). Apart from the role of gut microbiota
in the immune system development, Clostridium sends signals to the brain via ENS or afferent
fibers of the VN (211) and controls gut permeability (212, 213). It has been reported that the
gut microbes can play a significant role in gut permeability by producing metabolites such as
phenols, SCFAs, and free amino acids (214). Autistic children have high rates of propionic acid
and acetic acid but a low rate of butyric acid (200). The final products of nondigested carbohy-
drates, which may be relevant in ASD pathogenesis (215), are SCFAs such as propionic acid,
butyric acid, and acetic acid (216). A comparison of fecal and plasma metabolomes between
ASD and typically developing children showed mitochondrial dysfunction; different levels of
phenolic microbial metabolites, lipids, and amino acids and xenobiotic metabolism in the
ASD children can potentially be used as molecular biomarkers for ASD (217). After precise
evaluation of plasma metabolites in children with ASD in another study, the levels of plasma
metabolites, including nicotinamide riboside, IMP, iminodiacetate, methylsuccinate, galacto-
nate, valylglycine, sarcosine, and leucylglycine, were significantly low. However, after micro-
biota transfer therapy (MTT), substantial changes were seen in these metabolites, making
some of them similar to those seen in typically developing children (218). Overall, alterations
in the composition of microbial communities of the gut have been confirmed in subjects
with ASD. However, considering the heterogeneity of the participating patients and several
conflicting results, it is hard to develop a unique profile for ASD. Considering the inconsis-
tency in the association of bowel dysfunction and the severity of social behavior impair-
ments in the ASD patients, these data suggest that we should consider two different sub-
types for the ASD with different grades of inflammation associated with gastrointestinal
comorbidities. Among various therapeutic ASD approaches, several studies have investi-
gated the potential of using probiotics to alleviate autistic symptoms. Despite the promising
results of probiotic treatments, assessments of tolerability and safety should be considered.
Regarding the limitations in microbiota analysis methods, further use of randomized, pla-
cebo-controlled clinical trials is necessary in order to validate the efficiency of probiotics in
the treatment of ASD (218).

Schizophrenia

Schizophrenia (SCZ) is a serious mental illness associated with some combination of
auditory hallucinations, delusions, and disordered thought and behavior, impairing daily
function and social interaction (219). The physiopathology of SCZ is not yet explained,
but recent investigations have shown that environmental factors increase the risk of devel-
oping SCZ in individuals who may already have a genetic predisposition to the disease.
Dysfunction of neurotransmitter systems in multiple systems has been widely investigated,
particularly highlighting the importance of abnormalities in signaling, including dopamine,
serotonin, glutamate, and GABA (220–222). Increased evidence implies that SCZ can be con-
sidered a system disorder with both neuropsychiatric and psychotic conditions (223, 224).
Moreover, the significance of inflammation and the possible role of gastrointestinal systems
in the etiology of SCZ is under consideration (225). The role of the GI tract microflora is cru-
cial in the neurogenerative pathways and gut microbiome, and their microbial metabolite
perturbations have been shown to influence mood and behavior (16, 226, 227). Gut micro-
biome alterations have been correlated with several neurodevelopmental (213, 228) and
neurological (229) disorders. It has been recently shown that FMT from subjects with SCZ
can induce SCZ-related behavioral symptoms in GF recipient mice. This is associated with
the altered levels of GABA, glutamine, and glutamate in the hippocampus. It indicates that
the microbiomes of schizophrenic patients can have an impact on the neurochemistry,
which may be related to these human conditions (230). There are still no reports identifying
the functionality of the specific bacteria that foster alterations in the behavior of the examined
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recipient mouse models (231, 232). Based on various reports, Actinobacteria, Proteobacteria,
Bacteroidetes, and Firmicutes show the largest differences between the two cohorts in individu-
als with SCZ (230). Interestingly, antibiotic supplementation reduced engulfment of synapses
by the microglial cells in an in vitro study. Microglial cells reduce the density of CNS synapses,
and this is considered to be an essential step in the development of SCZ (233). After the exam-
ination of electronic health records of a cohort of adolescents, the administration of minocy-
cline was linked to a slight reduction in the incidence rate of SCZ, implying that more studies
are needed to investigate the association of the microbiota in SCZ. In accordance with the
severe nature and intricacy of SCZ, no research has yet confirmed any behavioral symptom
alleviation through the possibility for probiotic supplementation in SCZ patients. However, sev-
eral investigations have considered that probiotic administrations may alleviate at least the di-
gestive disorder associated with SCZ (Table 2). Furthermore, severe GI problems were reduced
in one human clinical trial, without any alteration in the psychiatric symptoms in subjects with
SCZ (234). Another human trial demonstrated a correlation between Candida albicans and GI
problems, where improvement in psychiatric symptoms was seen in males administered a
specific probiotic supplementation (comprising L. rhamnosus GG and B. animalis subsp. lactis
Bb12) and who were seronegative for C. albicans (235). A full array of novel, possibly therapeu-
tic interventions for severe psychotic disorders have been discovered, including considering
bowel comfort. More research is required to improve our understanding of the GI micro-
biome’s involvement in SCZ using longitudinal data analysis and larger sample sizes.
Functional and taxonomic classification of the GI microbes is essential for a comprehensive
understanding of the GI microbiota. Metagenomic shotgun DNA sequencing in association
with bioinformatic analysis tools provides better characterization of the gut-residing microbes.
These provide a more precise perspective of the biological properties of the bacteria and their
capacity to affect host physiology. Considering that most human intestinal microbiota are
unculturable, the development of culture-independent methods, i.e., metagenomics, meta-
transcriptomics, and metabolomics, is essential to identify the activities, metabolism, and phys-
iological roles of the unculturable members of the intestinal microbiota (Fig. 4).

GUTMICROBIOTA AND NEURODEGENERATIVE DISORDERS
Multiple Sclerosis

Multiple sclerosis (MS) is an immune-mediated, chronic neurological disease of the
CNS, involving damaged axons and demyelination and affecting approximately 2.3 million
people worldwide. Its incidence is higher in females (236–238). The pathogenic hallmark of
MS is the development of inflammatory focal demyelinated plaques in the CNS, including ei-
ther gray or white matter of the spinal cord and brain and triggering a neuroinflammatory
response contributing to the demyelination of specialized cells, including oligodendrocytes,
and consequent neurodegeneration. Due to the abnormal permeability of the BBB, various
cells of the immune system infiltrate into CNS neuronal cells, leading to the onset of demye-
lination. Myelin antigen-specific T cells (CD81 and CD41 T cells) cross this barrier, contribut-
ing to a series of events leading to the formation of demyelinating lesions (239). Recent
studies on the MS mouse models, including the EAE model, indicate the primary role of
CD41 T lymphocytes in the etiopathogenesis of MS (240). Particularly, CD41 Th17 and Th1
lymphocytes have the most prominent responsibilities in the onset of MS. Th1 contributes to
the secretion of delta interferon (IFN-d ), fostering the production of macrophage enzymes fol-
lowing their activation. Moreover, IFN-d stimulates reactive nitrogen and oxygen species pro-
duction, leading to the nitrosative and oxidative damage of cellular structures, respectively.
Th1 cells are also capable of IL-12 production, which induces the secretion of the tumor necro-
sis factor (TNF-a) and IFN-d , leading to the chronic inflammatory response and further tissue
damage. In addition, the production of particular cytokines, including IL-22, IL-21, and IL-17,
mediated by Th17 cells, leads to chronic inflammatory progression. CD41 T lymphocytes that
recognize CNS self-antigens, such as Th1 and Th17, are involved in the pathophysiology of MS
(241). In addition to CD81 and CD41 cells, other immune cells are implicated in MS pathoge-
nesis, including NK cells, microglial cells, and macrophages (242). The molecular interactions
between these cells and their cytokines maintain the inflammatory cascades within the CNS.
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MS has been divided into several clinical variants, including relapsing-remitting MS, which is
the most prevalent, and progressive relapsing MS, as well as primary progressive MS and sec-
ondary progressive MS (SPMS). Genetic predisposition and environmental factors both have a
fundamental role in the etiology of MS (243, 244). Recent investigations stated that the gut
commensal microbial communities are also responsible for several immune-mediated disor-
ders such as MS and can be considered a novel environmental risk factor. In other terms, the
gut microbiota is responsible for immunomodulation, altering BBB integrity and functionality,
stimulation of the autoimmune demyelinating process, and interplay directly with various cell
types existing in the CNS (245). Rather than the wide-ranging differences in a- or b-diversity
of the gut microbiome, the cross-sectional investigations have mainly revealed that distinct
taxonomic alterations are observed in children with MS compared to healthy individuals (19).
Several investigations have assessed the efficacy of microbial transplantation from MS patients
into two distinct EAE models; these studies highlight the significance of CD1 T cells producing
IL-10 in GI-microflora-mediated immunomodulation (Table 3) (120, 123). In addition, the pres-
ence of the SFB in the GI tract, which may act in Th17 cell activation, significantly influences
the MS-like symptoms in EAE mice (120). According to the definition of MS as a demyelinating
disease, preclinical antibacterial studies have shown, after converging the data from the GF
mouse models, that GI tract microbiota can regulate the production of myelin in the prefrontal
cortex in a mouse model (123, 246). Furthermore, regarding the fundamental role of gut
microflora in the regulation of the BBB, GF-mouse studies have shown that there might be an
association between the microbiome and the loss of integrity of BBB as a major hallmark of
MS (247). It has also been demonstrated that dietary supplementation with SCFA, or bacterial
producers of SCFA, can reverse the loss of BBB integrity. Moreover, diet-induced change in the
structure of gut-residing microbial communities has also been involved in the manifestation
of EAE (Table 3) (248). Evidence indicates that the gut microbiota can regulate plenty of neuro-
inflammatory pathways. However, complementary studies are essential to understand the
exact contributory mechanisms in the etiopathology of MS (123, 183, 249, 250). Animal and
human studies imply that gut microflora may be responsible for many aspects of MS physio-
pathology. The question is still open as to how the gut microbiome can be effectively manipu-
lated as an intervention to hinder relapse and alleviate symptoms at maximum levels. In a pilot
experiment, supplementation of a particular probiotic formulation (containing Bifidobacterium,
Lactobacillus, and Streptococcus species) could reverse microbiota alterations and modulated
the inflammatory responses, indicating that this kind of microbiota-targeted therapy
is promising (Table 3) (250), although further investigations are necessary for confirmation of
these results.

Parkinson’s Disease

Parkinson’s disease (PD) is a progressive and multicentric neurodegenerative disease
caused by the deposition of a-synuclein (a-syn) in the dopaminergic nerve cells in part of
the center of the brain, the substantia nigra. These processes foster the gradual aggrega-
tion of round lamellated eosinophilic cytoplasmic inclusions, known as Lewy bodies.
However, the exact mechanism of the PD pathogenesis is still vague, and it is probably a
multifactorial disease, and various theories have been introduced in that respect (251).
Aging is a substantial risk factor for PD development and progression, affecting several cellu-
lar pathways leading to the impairment of these processes and causing neurodegeneration.
Conceivably, the same molecular perturbations that can be tolerated by young neurons
show some catastrophic consequences in an aged one (252). The onset of the clinical symp-
toms of PD is primarily revealed with impaired motor symptoms, including muscular rigidity,
resting tremor, akinesia, and postural instability (253). PD is rare before the age of 50, but
the occurrence raises 5- to 10-fold with aging. It occurs primarily in men and involves 5 to
.35 new cases per 100,000 individuals annually (254, 255). Dopaminergic neurons degener-
ate progressively, and there is a strong interrelationship between the nonmotor and motor
symptoms such as depression (256), dementia (257), and GI problems, including constipa-
tion, abnormal salivation, defecatory dysfunction, nausea, and dysphagia. PD symptoms
vary among individuals (258, 259). Several investigations have proposed that GI abnormal-
ities in PD subjects are linked to intestinal dysbiosis and a-synuclein deposits in the ENS
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(260, 261). Due to the initial GI involvement in PD and the high potential of physiological
interactions between host microbiomes, it has been suggested that the GI microflora may
influence PD (49). Abnormal gastrointestinal functioning, especially constipation, affects up
to 80% of PD-affected individuals and may happen years before the motor symptoms (262,
263). Idiopathic constipation is a major associated factor in PD and is related to neurodege-
nerative alteration in the ENS (49). a-syn neurodegeneration in the ENS may be one of the
premotor clinical signs of PD (253). It is related to chronic constipation and physiological
alterations in the GI wall. The gut microbiome probably affects the enteric neurons involved
in a-syn secretion (264). These changes have been observed at the beginning of PD before
the onset of motor symptoms, which can be considered a premotor biomarker (253).
Different investigations have been carried out on the correlation between the gut micro-
biome and PD. One study observed a considerable reduction in Prevotellaceae species
rather than in the relative counts of Enterobacteriaceae in the fecal samples of subjects
with PD (49).

Members of the Prevotellaceae family are known as gut commensals, which take the
lead in the production of SCFAs through DF fermentation and mucin in the gut (84).
Enhancement of systemic exposure of bacterial endotoxins and gut permeability induced by
the reduction in the Prevotellaceae population can trigger the uncontrolled expression and
misfold the a-syn colon (265, 266). Furthermore, the severity of gait difficulty and postural
instability is positively correlated with the relative abundance of the Enterobacteriaceae popula-
tion in the gut (49). Overgrowth of Enterobacteriaceae in the gut results in enhancing LPS titra-
tion as a part of the Gram-negative bacterial cell wall in the serum (267). Consequently, it has
been shown that due to the increased absorption of LPS in blood samples of subjects with
PD, the systemic concentrations of LPS binding protein are surprisingly high (268, 269).
According to one recent study on this matter, the number of opportunistic pathogens was
increased significantly in patients with PD, which was acknowledged for the first time. Also,
the decreased level of SCFA-producing bacteria and the growth in probiotics was confirmed
(270). In addition, pyrosequencing of the variable regions, including V1-V3 of the bacterial 16S
rRNA to study the fecal microbiota, showed a considerable decrease (77.6%) in the abundance
of Prevotellaceae compared to the reference group. This enterotype is responsible for the bio-
synthesis of thiamine, folate, and neuroactive SCFAs. As such, the supplementation of these
vitamins and SCFAs may be beneficial as therapy for PD (49). Moreover, the relevant results
have shown an increased abundance of Lactobacillaceae, which, with Prevotellaceae, is related
to the gut hormone ghrelin. It has also been reported that ghrelin secretion in patients with
PD is reduced (271). Overall, the findings of the study revealed a connection between the GI
microflora, PD, and the microbiome’s role as a potential biological marker. Further microbiome
analysis may increase the accuracy and clarify the relationships, as well as mechanisms (49).
Keshavarzian et al. observed an immense change in mucosa-associated and feces microbiota
in the subjects with PD compared to healthy controls. The dysbiotic imbalance observed in
PD patients could influence inflammation given that dysbiosis can impair intestinal barrier
function and trigger immune activation and systemic inflammatory response (272–275). The
persistence of PD affects the microbial community, and gut bacteria may have a role in some
abdominal symptoms such as constipation and colonial inflammation (24). Briefly, LPS and
other bacterial neurotoxins enter the bloodstream after crossing the intestinal wall, contribut-
ing to the disruption of the intestine’s epithelial barrier of the intestine (276). The presence of
bacterial LPS in the bloodstream results in the production of inflammatory cytokines via nu-
clear factor-kB (NF-kB) and TLR4, resulting in systemic inflammation (268, 276). BBB disruption
induced by bacterial LPS and inflammatory cytokines, including TNF-a, IL-1b , and IL-6, triggers
the a-syn accumulation (277–281). Dopaminergic neuronal loss located in the substantia nigra
can occur as a result of BBB breakdown (282). Since the intestinal barrier disruption in PD leads
to the elevation of microbial translocation and higher proinflammatory gene profiles, colonic
biopsy specimens show enhancement in the expression of TLR4 or bacterial endotoxin-
specific ligand, CD31 T cells, and other cytokines. Moreover, a decrease in SCFA-produc-
ing bacteria during intestinal dysbiosis has been reported in PD. Despite the TLR4-KO
mice bearing dysbiotic microbiota, investigations of TLR4-KO mice treated with rotenone
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caused a reduction in neurodegeneration, neuroinflammation, intestinal and motor dys-
function, and intestinal inflammation compared to wild-type animals that were adminis-
tered rotenone, suggesting the vital role of TLR4-mediated inflammation in the brain or
intestinal inflammation, which might be one of the essential drivers causing PD neurode-
generation (283). Therefore, the relative enhancement of LPS after enhancing the
Enterobacteriaceae population in the gut has been correlated with PD development (258,
284). Occlusion and other tight-junction proteins are vital for intestinal barrier structure
(285). Dysbiosis of the gut, which degrades the occludins, results in the reinforcement of
intestinal permeability (266, 286). Another study on PD patients investigated the increase
of Ralstonia, Enterococcus, and Proteobacteria concentrations in their mucosa, leading to
the elevation of proinflammatory cytokines. A substantial reduction in the population of
butyrate-producing bacterial species considered anti-inflammatory, such as Blautia,
Coprococcus, Faecalibacterium, and Roseburia, have been reported in the fecal samples of
the subjects with PD. Moreover, it has been reported that LPS biosynthetic gene expres-
sion was increased in the microbiota of stool samples of the PD patients (24).
Interestingly, it has been reported that the infections with Helicobacter pylori can be con-
sidered a significant triggering factor in the pathogenesis of PD (287). The results demon-
strated that overgrowth of small intestinal bacterial communication, which is known as
small intestinal bacterial overgrowth (SIBO), has been associated with motor dysfunction,
especially in PD patients (288, 289).

Adams et al. investigated the presence of gingipain R1 (RgpA) using a fluorescent
antibody in a PD population. These authors concluded that gingipain protease and LPS of
Porphyromonas gingivalis lead to abnormal blood clots in their PD samples. Also, their find-
ing that gingipain antibody signal was observed in only clots of PD samples confirmed the
potential of this bacterium in the pathology of PD. They further suggested that infection
of P. gingivalis might play an essential role in the etiology and/or a risk factor for PD (290).
It has been reported that peripheral inflammation induced by P. gingivalis resulted in the
imbalance of gut microbiota, a decrease of dopaminergic neurons in the substantia nigra,
increased intestinal permeability, and enhanced microglial activation in the pathophysiol-
ogy of leucine-rich repeat kinase 2 (LRRK2)-associated PD (291).

According to the definition by FAO/WHO, probiotics are determined as viable microorgan-
isms, which when ingested/administered in appropriate amounts, confer a health benefit on
the host. Probiotics, including lactobacilli and bifidobacteria, have been shown to alleviate PD-
like conditions (Table 4) (292). Bacillus spp. as a probiotic bacterium has the ability to convert
L-tyrosine to L-DOPA, which is an essential precursor molecule of dopamine, and its conversion
to dopamine is carried out via DOPA decarboxylase (293). It has been reported that the regular
administration of fermented milk beverages containing Lactobacillus casei shirota results in an
enhancement of bowel movements through a reduction in the number of fecal staphylococci
in individuals with PD (294). Microbial communities in the gut actively produce polyphenols
from dietary flavanols, interfering with a-synuclein misfolding and toxicity, a fundamental
pathological mechanism of the PD and other a-synucleinopathies. Investigations on hetero-
genic humanized gnotobiotic mice with oral administration of flavanol-rich preparation (FRP)
revealed particular distinctions in the production of FRP-derived metabolites, affecting a-synu-
clein misfolding or inflammation. Studies on Drosophilamodels of a-synucleinopathy revealed
its effect on motor dysfunctions, which leads to modulation of its onset and progression. In
vitro investigations revealed that in bacterial fermentation, particular bacteria can produce
these bioactive phenolic acids. Altogether, it has been concluded that varying the dietary fla-
vanols induced by heterogenous gut microbiota among individuals demonstrates the
potential of probiotic-, prebiotic-, and symbiotic-based strategies in modulating the pro-
gression of PD and other synucleopathies (Table 4) (295). However, most of the informa-
tion about the connection between the microbiome and PD is based on studies of the co-
lon mucus and feces microbiome. There are still no studies on other gastrointestinal
disorders in PD, such as stomach infection by Helicobacter pylori and excessive growth of
small intestine bacteria (24). Currently, there is no unanimity among results obtained
from different studies on the correlation between the microbiome and PD. However,
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studies in this area are ongoing, and microbiome results produce valuable information.
According to the reviews, there is a connection between the medication used by PD
patients and the gut-residing microbes, which is not surprising due to the gut microbiota’s
role in the metabolism of prescribed medicines and even the consequences of drugs on the
microbial composition (296, 297). Therefore, study of the gastric microbiome can provide in-
formation about the toxicity of PD drugs. Further investigation is needed on the impact of
Levodopa and Carbidopa and other medications on patients (298). It may be possible to pre-
dict, delay, or prevent the disease through analysis of metagenomes of bacterium-derived
extracellular vesicles using human body samples (299). Also, it has been shown that a vege-
tarian diet, including SCFAs, will boost the level of UDPRS III and decrease the effective daily
dosage of levodopa-equivalent. Thus, there may be an effective nonpharmacologic therapy
for PD patients (300). A complete perception of the interaction of the GI microbiome and
the GBA exists and the brain may clarify PD’s etiological and progression factors to provide
new therapeutic approaches. For instance, FMT and evaluation of the gut microbiome as a
novel biomarker for PD clinical diagnosis may reveal an alternative treatment to traditional
therapeutic methods (Table 4) (301). Gut complaints can occur during the initial stages of
PD; this could assist in the early diagnosis of the disorder, prior to the emergence of motor
symptoms such as tremor and rigidity. There is no doubt that microbiome studies can pro-
vide helpful information on PD, but for now, we cannot rely on them as biomarkers (302).

Alzheimer’s Disease

Alzheimer’s disease (AD) is a chronic irreversible brain disorder, in which progressive
degeneration of brain cells leads to memory impairments, cognitive decline. It is the most
common type of dementia in the elderly (303). Patients with AD demonstrate serious impair-
ments in learning, behavior, and memory, severe enough to influence daily activities. AD is
characterized by neuronal cell death in the brain and progressive synaptic failure, along with
amyloid-b (Ab) deposition around or outside neurons, accompanied by an aggregation of
abnormal-phosphorylation of the microtubule-associated protein tau (or t proteins) in
dendrites and axons of cortical neurons (304–306). Ab accumulation and aggregation of t
proteins contribute to a decrease in the stabilization of microtubules, synaptic failure, and
perturbation of Ca21 homeostasis in neurons, ultimately leading to neuronal apoptosis
(307, 308). Although numerous investigations have been performed on AD etiopathology,
the underlying mechanisms of AD are incompletely defined, and current Ab therapies
confer limited reduction in symptoms (309). It has been reported that amyloid might act
as an AMP in the brain (310). Recent studies have discovered that the pathogenesis of AD is
correlated with neuroinflammation in the CNS induced by peripheral infections (311, 312).
Common characteristics of tau and Ab deposition in AD subjects are seen in mice infected
with herpes simplex virus 1 (HSV-1). The high intracellular levels of cholesterol 25-hydroxy-
lase (CH25H) induced by viral infection are essential for modulating both the Ab production
and AD susceptibility (313, 314). Furthermore, previous studies have demonstrated the
potential connections between AD and other microbial infections, including fungal,
Chlamydia pneumonia, and spirochaete infections (315–317). Over the past several decades,
there has been no evident treatment for AD, but there have been some glimmers of hope
with the discovery that the gut microbiota may have a possible significant role in the patho-
genesis of AD. Although it is not considered a new concept, some investigations have pro-
vided evidence that AD may have a microbial origin (318). Determination of microbe-
derived metabolites from the gut microflora in the cerebrospinal fluid of individuals with AD
is correlated with AD biomarkers, such as phosphorylated tau and tau/Ab42, suggest the
implication of the gut microbiota in the onset of AD (319). A study reported that, according
to the bacterial 16S rRNA sequence analysis from Ab precursor protein transgenic mouse
(APP) fecal samples, compared to wild-type mouse model controls, significant differences
had been revealed in the gut microbial compositions (320). It has also been shown transgenic
mouse models with AD phenotypes have various gut microbes. The effect of the microbial
intervention on AD has been summarized (Table 5) (320–322). Moreover, studies on GF mice
demonstrated that no symptoms of amyloid plaque and neuroinflammation could be seen in
the absence of microbes (320). Furthermore, based on the results of cross-sectional studies,
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the abundance of two bacterial taxa Escherichia and Shigella, which are involved in inflam-
matory responses, increased dramatically in fecal samples of patients with AD compared to
healthy controls (323). Two main conditions, which may be related to a peripheral inflamma-
tory state in patients who suffer from cognitive impairment and brain amyloidosis, include
an increased frequency of proinflammatory Escherichia and Shigella and a decrease in the
frequency of anti-inflammatory Eubacterium rectale. The idea proposed is that there is a link
between gut microbiota dysbiosis and systemic inflammation that can be a contributing fac-
tor in the neurodegeneration that occurs in the brain of patients with AD (23). These obser-
vations are based on small-scale studies, and more studies with larger statistical groups are
required to evaluate the gut microbiota involvement in AD progression. Some scientists
have stated that the infective agents that are found in the brain of patients with AD can be
involved in developing this disease, but robust evidence is essential in this regard (324). The
use of synthesized neurotoxic inhibitors was reported as beneficial in a recent study for AD
treatment. In this study, a pathogen called Porphyromonas gingivalis, which is involved in
chronic periodontitis, was recognized in the brains of patients with AD (325). The coloniza-
tion of these bacteria in the brain resulted in increased production of Ab1-42. Moreover, the
neurotoxic gingipains have damaging impacts on the tau protein Ab1-42. Moreover, the
neurotoxic gingipains have a damaging impact on the tau protein (191). Shukla et al.
reported a potential association between gut microbiota dysbiosis and AD-associated neuro-
inflammation. They discovered a positive correlation between the increase in abnormal
expression of gut NLRP3 and activation of the peripheral inflammasome, which enhances
neuroinflammation with AD progression. Hence, they observed considerable alterations in
the gut microbiota composition in young and aged 5xFAD mouse models compared to
age-matched control mice. Also, com 5xFAD mice displayed impaired gut barrier function
according to the loss of adherens and tight-junction proteins compared to nontransgenics.
Moreover, it has been demonstrated that higher expression of gut microbial inflammasome
proteins might be an essential leading factor in the activation of downstream cytotoxic and
inflammatory mediators. Accordingly, NLRP3 inflammasome-mediated neuroinflammation
may be promoted via gastrointestinal NLRP3. Therefore, gut microbiota modulation may be
a possible strategy for treating AD-associated neurological disorders in genetically suscepti-
ble individuals (326). Honarpisheh et al. (327) also investigated the gastrointestinal Ab load
prior to the brain and their involvement in GBA interaction and AD. Comparing Tg2576
mouse models of AD, including presymptomatic and symptomatic transgenics to wild types,
these researchers observed that vascular Ab peptide deposition in the intestinal epithelial
barrier (IEB) disrupted the IEB and that dysregulation of absorption occurs before its cerebral
aggregation. These researchers also concluded that alterations on the GBA are correlated
with higher levels of inflammatory plasma cytokines, such as IL-9, IP-10, and VEGF.
Considering the gut dysfunction in AD patients, future therapeutic strategies for AD treat-
ment might involve the early manipulation of gut microbiota (327). According to the
involvement of gut microbiota in the development of Ab pathology in AD, Wang et al.
developed a novel framework to determine AD underlying mechanism via GBA and trans-
late manipulation of gut microbiota to reach clinical practice. Using APPSWE/PS1DE9 mice
receiving the fecal donor transplantation from aged (16 months) APPSWE/PS1DE9 mice fol-
lowing short-term antibiotic cocktail treatment, Wang et al. collected fecal pellets for further
analysis. FMT reconstitution in pre-antibiotic-treated mice was attributable primarily to the
donor sources such as Clostridia and Coriobacteriaceae, contributing to higher deposition of
Ab plaques. Intriguingly, after microbiota engraftment, activation of astrocytes surrounding
Ab plaques was inhibited rather than microglia (328).

The prolonged administration of broad-spectrum antibiotics could also decrease
Ab accumulation and regulate the innate immunological responses influencing Ab
amyloidosis in the mouse models with AD (329). Moreover, a reduction in microglia
and astrocyte aggregation around amyloid plaques in the hippocampus, as well as in-
soluble Ab plaques, was reported through periodic treatment with antibiotic cocktails
in transgenic mice (322, 330). It has also been reported that by comparing fecal SCFAs
and microbial composition between wild-type and AD mouse models at different ages,
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a considerable reduction of Butyricicoccus and Ruminococcus, and elevations in Proteobacteria
and Verrucomicrobia in mice with AD phenotypes were observed, providing the altered micro-
bial composition and diversity. The decline in the level of SCFAs suggests perturbation in at
least 30 metabolic pathways (321). A prior study has also suggested that microglial activation
inhibits the Ab clearance and degradation and that further Ab accumulation leads to the pa-
thology of AD. Moreover, elevated levels of Ab deposits contribute to the release of several
proinflammatory mediators within microglia, such as ROS, iNOS, NF-kB, and COX2, thereby
promoting neuroinflammation in AD patients (331).

These investigations indicate that certain species of the gut microbiota can activate
Ab signaling pathways and contribute to the pathogenesis of AD and also play a crucial
role in the molecular modulation of AD. Probiotic supplementation and nutritional inter-
ventions may become a promising therapeutic approach to hinder AD progression.

Epilepsy

Epilepsy is a debilitating neurological disorder that affects about 65 million people world-
wide (332). Although there have been many new advances in medical sciences, the exact
etiopathology still needs to be fully elucidated (333). Accordingly, in about one-half of
patients with epilepsy, the cause of the disease is unknown. It has been reported that epilep-
tic patients spend 13 times more on medical expenses than do normal subjects (334). The
remarkable socioeconomic impact of epilepsy is due to a higher mortality and disability rate
than for the normal population (335, 336). Consequently, these data indicate that much
effort is needed to find more effective strategies toward prevention, curing, and treatment.
Today, only 70% of patients affected by epilepsy will achieve full seizure control, despite
being on drug therapy with anti-epileptic drugs (AEDs) (332). Therefore, about one-third of
patients with epilepsy will have refractory seizures that affect their daily living activities. It
has been found that both environmental and genetic factors determine predisposition to
epilepsy. Also, several studies suggest an association between intestinal bacterial species
and the pathophysiology of epilepsy. These findings imply the gut microbiota’s role in treat-
ing epilepsy (337). Gut microbiome dysbiosis is associated with the development of neuro-
psychiatric diseases such as epilepsy (332). It has been reported that the healthy gut micro-
flora consists of microbial communities, which indicates both anti- and proinflammatory
effects. As a result, there is a correlation between a balanced gut microbiota and a healthy
brain and the immune system (338). Recent studies have suggested that chronic inflamma-
tion plays a significant role in the onset and progression of epilepsy (339). It has also been
demonstrated that gut microflora can regulate immune and inflammatory responses.
Consequently, manipulating the gut microbiome has potential as a therapeutic strategy for
epilepsy. Alternative treatment strategies for uncontrolled epilepsy include VN stimulation
and a ketogenic diet (KD) (332). Hence, manipulating the diversity of the gut microbiota can
be considered a potential therapeutic approach. It has been found in several studies that
there is a variation of gut microbial profiles between cases with various types of therapeutic
approaches of uncontrolled epilepsy compared to the healthy population. All these studies
indicated an increased Firmicutes/Bacteroidetes ratio in uncontrolled epilepsy (340–342).
Some bacteria belonging to the phylum Firmicutes are capable of regulating neurotransmit-
ter levels (341). Further analysis of the gut microbiota, including a-diversity, indicates re-
markable diverging outcomes. In another study, Peng et al. reported the increased abun-
dance of Firmicutes compared to Bacteroidetes. Also, measurements of a-diversity in the
drug-resistant patients compared to drug-responsive patients demonstrated similarity to the
healthy subjects. Substantially, higher levels of a-diversity were linked to an unusually
increased number of rare intestinal bacterial species. Also, at the genus level, significant dif-
ferences were reported. According to these outcomes, it can be assumed that bacteria have
a role in the effective treatment of epilepsy. Interestingly, the intestinal gut microbiota can
modulate zonisamide metabolism, which is an antiepileptic drug (343). Moreover, increased
numbers of Lactobacillus and Bifidobacterium revealed a correlation with fewer seizures per
year (341). It has been reported that a KD in epileptic patients reduces the rate of seizures
and is also linked to an alteration of intestinal microflora composition and function (344).
Sewal et al. reported that the intraperitoneal injection of LPS induced a higher predisposition
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to seizure in rats, while increasing the permeability of the BBB and higher levels of proin-
flammatory cytokines in the brain. (345). Moreover, controversial findings have been reported
on whether antibiotic administration induces or protect against seizures in preclinical and clini-
cal studies. Significantly, possible pro-epileptic effects of the underlying infectious disease dur-
ing treatment or direct antibiotic-induced neurotoxic side effects might rather be involved. In
addition, several investigations have indicated a positive effect of supplementation of probiot-
ics in epilepsy (346, 347). Medel-Matus et al. reported that FMT from chronically stressed rat
donors accelerated kindling and also the duration of kindled seizures in sham-stressed rats
(348). Another study by Olson et al. indicated that a ketogenic diet mediates the antiseizure
effects in a GF mouse model for temporal lobe epilepsy. Indeed, these researchers found that
the seizure threshold in SPF mice elevated after transplantation with KD microbiota or long-
term treatment of bacterial species, including Akkermansia muciniphila, Parabacteroides distaso-
nis, and Parabacteroides merdae (349).

Stroke and Brain Injury

Globally, stroke and brain injury are important causes of morbidity and mortality.
Commensal bacteria of the gut microflora could be associated with the development of
stroke through the modulation of several risk factors of cerebrovascular disease, including
atherosclerosis, diabetes, dyslipidemia, and arterial hypertension. Diet can also be consid-
ered a significant risk factor. In addition, linking atherosclerosis and dysbiosis can directly
influence microbiome composition and diversity (350, 351). However, mounting evidence
suggests that the gut microbiome might play a more direct role in cerebrovascular dis-
eases and stroke. Trimethylamine n-oxide (TMAO) as a microbiota-derived metabolite can
be synthesized from dietary choline, which can be detected in body fluids and tissues.
Recent investigations indicate that TMAO is associated with increased risk of cerebrovascu-
lar and cardiovascular diseases, suggesting the probable modulation of gut microflora
through the therapeutic potential of this metabolite (352, 353). Moreover, cross-sectional
investigations implied an imbalance in the composition of the gut microbiota in individu-
als with stroke compared to healthy controls. The elevated levels of TMAO in plasma sam-
ples were associated with a higher risk of stroke and cardiovascular events in a dose-de-
pendent manner in a longitudinal study of more than 4,000 cases. The reduction of TMAO
levels induced by antibiotic supplementation highlighted the importance of intestinal bac-
terial species in the synthesis of this compound (354). Meanwhile, patients with stroke and
transient ischemic attack showed relatively lower levels of TMAO compared to the cases
with asymptomatic atherosclerosis (354). Preclinical studies indicate that administration of
phosphatidylcholine metabolites such as choline and TMAO can upregulate the expres-
sion of macrophage scavenger receptors involved in atherosclerosis, which probably
occurs due to the presence of bacterial species residing in the gut. Moreover, research on
GF mice demonstrated that the administration of choline is not correlated with a higher rate
of atherosclerosis and contributes to a decrease in the aortic plaque volume (355, 356).
However, regarding the effect of diet on both TMAO and choline and also the detrimental
and protective impact of the gut microbiota in the onset and progression of atherosclerosis,
it is important not to overinterpret the results of preclinical studies (355). A healthy micro-
biome plays a substantial part in the recovery of atherosclerotic lesions. Supplementation of
broad-spectrum antibiotics following middle-cerebral-artery occlusion is associated with
reduced survival in mice (357). Antibiotic-induced alterations in GI microflora also led to
downregulation of IL-17-associated chemokine expression and a decrease in the migration
of proinflammatory IL-17gd T cells. Therefore, the intestinal bacterial species emerge to mod-
ulate the neuroinflammation after a stroke by regulating intestinal T-cell infiltration to the
brain (358). Moreover, post-stroke FMT containing SCFA-producers, including Lactobacillus
fermentum, Bifidobacterium longum, Faecalibacterium prausnitzii, and Clostridium symbiosum,
relieved cognitive impairments and inflammation after stroke and also increase plasma, gut,
and brain SCFA concentrations, promoting post-stroke recovery in aged models (359). It has
also been reported that transferring FMT from individuals with stroke into antibiotic-admin-
istered mice and also from a stroke model into GF mice increased the size of ischemic cere-
bral lesions and associated functional impairments. In addition, a reduction in the number
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and diversity of Bacteroidetes has been reported subsequent to the stroke (350). Recent
research on the potential of microbial intervention in the prevention and treatment of epi-
lepsy has been summarized in Table 6. Another study implied that patients with transient is-
chemic attack and stroke show a higher number of opportunistic pathogens, including
Desulfovibrio, Enterobacter, Megasphaera, and Osicillibacter, and a decreased number of the
beneficial or commensal genera, such as Bacteroides, Faecalibacterium, and Prevotella (354).
Moreover, the increased abundance of Prevotellaceae and Peptococcaceae shows a correla-
tion with stroke severity (351). Accordingly, treatment with a particular bacterial strain, i.e., C.
butyricum, improved cognitive function in a mouse model with ischemia/reperfusion and
decreased neuronal injury (360). According to these explanations, the role of the gut micro-
biota in the onset and progression of stroke and brain injury is not yet fully understood.
Although preclinical and clinical studies have provided intriguing results (Table 7), further
studies are required. Supplementing a diet with psychobiotics has been suggested to
reduce psychiatric outcomes and comorbidity following traumatic brain injury (361).
However, more clinical investigations are needed to elucidate the potential of such microbial
therapeutic interventions.

ROLE OF MICROBIAL INTERVENTION IN NEUROLOGICAL DISORDERS
Fecal Microbiota Transplantation

Based on the recent findings revealing the potential of the microbial interventions in the
regulation of intestinal dysbiosis-driven neurological disorders, fecal microbiota transplanta-
tion (FMT) appears to be a promising therapeutic strategy (Fig. 5). This relatively new treat-
ment method comprises the transfer from a healthy stool sample donor, along with its
microbes and metabolites, to a recipient (297). This method is currently being used to
treat Clostridium difficile infections, considered a hospital infection, and is used along
with antibiotic treatment (297). Through FMT, the healthy microbiota replaces itself via repro-
duction and produces bioactive metabolites. FMT is done by using endoscopies, enemas, and
freeze-dried material oral feeding. The potential of this method has been examined for the
treatment of neurological disorders such as PD, ASD, and MS (18, 299–301). One of the advan-
tages of this method is that no significant side effect has been reported, and it is considered
safe, even in high-risk patients (302, 303). In a recent study on ASD mice, the effect of an in
vitro cultured gut microbial transplant (GMT) was evaluated, which considerably alleviated the
anxiety-like behavior in mice (304). In another study by Zhao et al., groups with ASD who
received FMT were examined via colonoscopy, and the results proved that ASD-related symp-
toms improved drastically and that their gut microbiota changed to a healthy state. However,
more studies are needed for further clarification of the impact of FMT on ASD patients (305).
Numerous studies have been conducted on AD in animal models (290, 292, 306), although no
specific research have been conducted on human patients. The results of a study on mouse
models of AD demonstrated that cognitive dysfunction was related to a change in gut micro-
biota composition; therefore, modifying this microbiota through FMT proved to be effective in
alleviating the cognitive dysfunction in AD (307). Many studies have been done on FMT on
various neurological diseases, and many trials are ongoing. Thus, a bulk of evidence will be
available shortly.

Probiotic

Variations in the gut microbiota composition and function among healthy individuals and
patients have been identified for various neurological disorders. It has been acknowledged
that diet can affect the microbiome composition, modifying the function of the GBA. Multiple
therapeutic interventions have been applied to treat gut microbiome dysbiosis, bringing back
the intestinal microflora balance and improving clinical outcomes in neurological disorders,
including the use of probiotics (362). The word “probiotic” was first coined in 1974 and is
defined by the World Health Organization (WHO) as live microorganisms with beneficial
impacts on host health if taken in appropriate amounts (363). The use of probiotics in com-
mon foods and also as pills is gaining popularity (364). Probiotics are mainly comprised
of Bifidobacterium and lactic acid-producing bacteria, e.g., Lactobacillus. Mounting
evidence suggests that metabolites synthesized by probiotics are essential mediators
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of diet-induced host-microbe interactions. Also, it has been reported that several gut-resid-
ing bacterial species, such as Bacteroides, Clostridium, Bifidobacterium, Peptostreptococcus,
Lactobacillus, and Ruminococcus, can produce multiple tryptophan catabolites, including
indole, 3-methylindole, indoleacetic acid (IAA), tryptamine, etc. (365–370). Emerging
data indicate that microbiome-derived tryptophan catabolites affect host health. It
has been demonstrated that these metabolites can bind to the AhR, leading to the
activation of the immune system, improving the intestinal barrier function, stimulating gas-
tric motor activity (as well as the secretion of GI hormones), exerting systemic or local antiox-
idant, anti-inflammatory effects, and possibly modulating the gut microbiome and metabo-
lome (64, 371). It has been reported that tryptophan catabolites synthesized by commensal
microbiota induce microglial AhR activation, inhibiting the activation of NF-kB signaling,
VEGF-B, and TGF-a production (372). Furthermore, AhR is highly expressed in dendritic cells,
controlling differentiation and function (373). The production of retinoic acid, kynurenine,
and AhR-driven cytokine in dendritic cells enhances the differentiation of T-reg cells, sup-
pressing the development of EAE as an animal model of MS (374). In addition, astrocytes
play pivotal roles in inflammation-mediated neurodegeneration by exerting neurotoxic
effects and activating and recruiting other cells implicated in the pathogenesis of CNS (375).
It has also been reported that transcriptional profiles of astrocytes demonstrated upregu-
lated AhR expression in terms of EAE and animal models of MS (376). Recent studies sup-
ported by clinical evidence related to several neurological disorders, including ASD and PD,
have demonstrated increasing attention on using pro- and prebiotics to modulate the GI
microbiota. Altogether, these findings have led researchers to examine probiotics in various
neurological dysfunctions (377). Several investigations using mouse models have revealed
that the administration of probiotics can be beneficial for several neurological disorders

FIG 5 Modulation of gut microbiota by therapeutic microbial interventions. Microbial interventions, including probiotics,
prebiotics postbiotics, synbiotics, and fecal microbiota transplant (FMT), improve the microbiota-gut-brain axis through
modification of the microbial communities. Modulation of the microbial composition, regulation of their essential metabolites,
or both can improve neurological complications by increasing neurochemicals and SCFAs and reducing intestinal permeability,
regulation of neural, metabolic, and immune pathways. Each approach can be improved by personalized medicine for more
effective management of a patient’s pathophysiology.
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(e.g., ASD, epilepsy, and AD), causing improvement in cognitive outcomes. However, there is
still little clinical evidence on the effectiveness of probiotic administration in neurological
dysfunction in humans (Fig. 5) (378). An investigation of several children with ASD aged
from 3 to 12 years, with anxiety and GI symptoms, found that the administration of a partic-
ular formulation termed VISBIOME that included eight different probiotic strains, mainly
Lactobacillus, was safe, and resulted in health improvements in the ASD and GI symptoms of
the patients who retained Lactobacillus (379). Moreover, promising results have been found
when using probiotics to treat human neurodegenerative disorders, including AD. First, it
has been reported that Lactobacillus plantarum was able to improve cognition and increase
the levels of acetylcholine esterase in the brain in a mouse model of AD (380). Similar results
have been found in other studies due to Ab injection with Lactobacillus acidophilus,
Lactobacillus fermentum, Bifidobacterium lactis, and Bifidobacterium longum in rodent spo-
radic models with AD (381–383). Another randomized clinical study identified that probiotic
administration with Lactobacillus rhamnosus GG (ATCC 53103) could potentially reduce
ADHD development in 75 infants with ASD and could reduce the development of neuro-
psychiatric disorders (384). Evidence also demonstrates the impact of probiotics in PD
patients (385). A recent study showed that long-term administration of probiotics consisting
of six bacterial strains alleviated the motor impairments and had neuroprotective effects on
dopaminergic neurons in a genetic mouse model of PD (386).

Prebiotic

According to the International Scientific Association for Probiotics and Prebiotics
(ISAPP), “a prebiotic is termed for its nonviable food components that are specifically uti-
lized by the host-microbial populations and has health benefits.” As an alternative to pro-
biotic supplementation, prebiotics can be used to regulate the gut microbial flora (387).
This group of compounds is identified by their ability to affect the health of the GI tract
and consists of nondigestible oligosaccharides (NDOs), human milk oligosaccharides
(HMOs), and soluble, fermentable fibers (Fig. 5) (387). Despite the potential of prebiotic
therapies in enhancing beneficial bacteria such as bifidobacteria and lactobacilli, only a
small number of studies have examined the beneficial impacts of these compounds on gut
microflora in both humans and animals. An investigation of the effect of galacto- and
fructo-oligosaccharides or their combination in male mice showed that these compounds
have antidepressant, anxiolytic impacts and reverse the effects of chronic stress (388). In a
placebo-controlled clinical trial, the administration of N-acetylcysteine for 8 weeks conferred
a decline in irritability and repetitive behavior in infants with ASD (389). Moreover, supple-
mentation with of B GOS (Bimuno), a commercial prebiotic drug, and a restrictive diet led to
the amelioration of the behavior of the ASD children, probably due to higher levels of
Lactobacillus and Bifidobacterium abundance (390). A recent study has also shown that pre-
biotic lactulose can improve a cognitive deficit in AD mouse models through autophagy
and anti-inflammation pathways (391). Consequently, these findings appear to be show that
probiotics and prebiotics can be effective treatment options for neurological disorders.
However, additional investigations are required to understand the underlying mechanisms
in detail, considering that mere correlation does not necessarily indicate causation.

Synbiotic

Synbiotics are defined as a mixture of prebiotics and probiotics in which the prebiotics
favor the probiotic microorganisms in terms of their growth and metabolism and improve
their viability and benefits, influencing the host by increasing the abundance of beneficial
microbes in the GIT. The combination used in synbiotics must be appropriate so that the
probiotic microorganism’s survival in the GIT is supported (392). Studies have demonstrated
that the use of synbiotics is more effective than the use of probiotics or prebiotics alone
(393, 394). The results have shown that a synbiotic agent consists of GOS and a multistrain
probiotic, including Lactobacillus helveticus and Bifidobacterium longum, resulted in a reduc-
tion of the symptoms of depression and improved the tryptophan signaling in MDD (395).
The results of the treatment with a synbiotic containing multistrain probiotics and a prebi-
otic in a randomized control trial led to an improvement in functional GI symptoms in a PD
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cohort (Fig. 5) (396). The administration of Bifidobacterium infantis with oligosaccharide as a
synbiotic proved effective in alleviating the gut-related disorders in ASD (397). However,
more studies are needed on the effects of synbiotics on the MGBA (398).

Postbiotic

Postbiotics, also known as metabiotics, biogenics, or CFSs (cell-free supernatants), consist
of bacterial fermentation metabolites and soluble factors obtained from live bacteria or
released after bacterial cell lysis (363, 399), such as SCFAs, enzymes, AMPs, teichoic acids,
endo- and exopolysaccharides, cell surface proteins, vitamins, plasmalogens, and organic
acids (400). Paraprobiotics are defined as nonviable or inactivated microbial cells, while some
researchers include them as a subgroup of postbiotic (331, 401, 402). Paraprobiotics are struc-
tural components that may trigger biological activity of the hosts if administered in proper
amounts. Inactivation can be achieved via various methods such as physical (heat-killed pro-
biotics, UV irradiation, or sonication) or chemical methods (325). The two terms—postbiotics
and paraprobiotics—were coined in recent years to clarify that probiotics are not the only
viable compounds to positively impact human health (403). The bioactive compounds, such
as gut peptides, which are the result of bacterial interactions with the host, are considered
postbiotics. Few investigations have been conducted on the impact of bioactive compounds
on brain health, although recent investigations have shed light on the general effect of the
gut microbiota and SCFAs on specific diseases (404). Regarding brain health, research on
mice suffering from psychosocial stress treated with a SCFA combination (acetate, propio-
nate, and butyrate) demonstrated anxiolytic effects (405). Rats treated with propionic acid
showed a phenotype similar to autism (406). It has been shown that the gut microbiota can
affect behavior, stress, anxiety, and depression (407). Although the gut peptides cannot
directly be used as an intervention with the GBA signaling, a lucrative psychobiotics therapy
is aimed at specific microbiota to modulate specific gut peptides (Fig. 5).

There are some studies on paraprobiotic efficacy on the MGBA in humans. Treatment of
medical students under university exam stress with a heat-killed washed paraprobiotic
CP2305 for 12 weeks reduced their stress levels and ameliorated their sleeping patterns and
basal cortisol output (408). A number of studies have shown the benefits of several heat-
killed probiotics to alleviate anxiety, depression, and chronic stress in preclinical models. Wei
et al. reported that heat-killed L. paracasei PS23 alleviates the corticosterone-induced anxio-
genic-like phenotype, improving dopamine levels in the hippocampus and prefrontal cortex.
Heat-killed paraprobiotics would benefit from probiotics due to an increased shelf life and
safety profile, showing an essential advantage in marketing (409). However, heat-killed prep-
arations are not always effective on all probiotic strains. In an investigation done by Liu et al.,
it has been reported that heat-killed L. plantarum PS128 showed no statistical difference
compared to the GF group (409).

Psychotropics and the Microbiome

Mounting evidence suggests that there has been an increased insight into the importance
of the gut microbiome in mediating both the efficacy and the adverse effects of different
medications such as psychotropics. Undoubtedly, antibiotics demonstrate the most effective
and direct way of influencing the GI microflora (410, 411). Meanwhile, emerging evidence sug-
gests that in addition to the modulation of drug pharmacokinetics, nonantibiotic drugs can al-
ter gut microbiome structure, with potential impacts on mood and behavior (412). On the
other hand, there is growing emphasis on the interactions between the gut microbiome and
drugs, supporting the notion that gut microflora can affect drug metabolism and absorption.
In a large-scale cohort investigation, Falony et al. reported that medical interventions, including
antibiotics, antidepressants, benzodiazepines, etc., can alter the composition of the gut
microbiome (296). Moreover, deep sequencing of gut microbiomes from 1,135 individuals
demonstrated an association between the gut microbiota and various groups of drugs
(297). Predictably, antibiotics were substantially correlated with alterations in the GI micro-
biome. Remarkably, the authors provided evidence for effects on the GI microbiome by
several other therapeutic drugs, such as metformin, laxatives, statins, and proton pump
inhibitors (PPIs). Polypharmacy, which refers to the concurrent use of several medications
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for the treatment of a patient, has also been linked with alteration of the gut microbiota.
One investigation revealed that there was a notable negative correlation between the
number of administered medicines and microbial diversity (413). Particularly, antidepressants,
PPIs, and antipsychotics had the greatest association with taxon abundance. Furthermore,
Tomizawa et al. investigated the effect of psychotropic medications on the GI microflora of 40
patients with anxiety and/or MDD. In their cohort study, the researchers concluded that anti-
psychotics reduced GI microbiome a-diversity. These researchers determined that the dosage
of antipsychotics was negatively associated with a-diversity in these patients (414). Multiple in
vitro studies have been performed to assess the antimicrobial activities of nonantibiotic drugs
(415–418), all of which have been shown to have antimicrobial activity, possibly affecting
CNS function by interacting with a special molecular target. Other reports revealed the anti-
microbial activity of antidepressant selective serotonin reuptake inhibitors (SSRIs), fluoxetine,
sertraline, citalopram, and paroxetine on Bacillus, Clostridium, Enterococcus, Pseudomonas,
and Staphylococcus strains (412, 419, 420). In a recent study by Chait et al., the authors tested
the antimicrobial activity of different classes of antidepressants on 12 commensal bacterial
strains of the GI microflora. Most of the antidepressants examined possessed a considerable
concentration-dependent inhibition on the growth of examined bacterial strains (421).
Moreover, in an in vivo investigation on male BALB/c mice gut microbiota, the authors found
that desipramine could increase in b-diversity and reduced richness compared to controls
(422). These authors also found that the number of Adlercreutzia, Ruminococcus, and unclas-
sified Alphaproteobacteria was reduced in the mouse models supplemented with desipr-
amine. Tricyclic antidepressants, including amitriptyline, have also been shown to exert in
vitro antimicrobial activity on pathogenic bacterial strains, e.g., Bacillus spp., Staphylococcus
spp., and Vibrio cholerae (423), and imipramine exhibited growth inhibition on Yersinia enter-
ocolitica and E. coli, respectively (424). The effects of psychotropic drugs on the gut micro-
biota composition were examined in a cohort study of elderly hospitalized patients. Within
the tested medicines, antipsychotics showed the highest negative correlation with microbial
community alpha diversity compared to PPIs and antidepressants. In another investigation
on subjects with bipolar disease, Flowers et al. reported that the treatment with atypical
antipsychotics (APP) is correlated with decreased microbial diversity in females, but not in
APP-treated male patients (425). Patients in this cohort administered APPs exhibited a con-
siderable increase and decrease in the number of Lachnospiraceae and Akkermansia, respec-
tively. In a large-scale, in vitro screening study of more than 1,000 drugs against 40 represen-
tatives of gut commensals, it was reported that 24% of the tested drugs showed growth
inhibition on at least one bacterial strain (412). These drugs exerted antimicrobial activity
against a considerably similar species pattern, suggesting that direct antibacterial activity
might be a part of their pharmacological effects, which should not be considered a side
effect (426). Hence, there is an urgent need to assess the potential impacts of psychotropic
medications on GI microflora.

CONCLUSION AND FUTURE AIMS

Awareness of neurological diseases is increasing around the world, and it is predicted
that by 2030, the number of individuals with neurological disorders will increase by 13%.
Due to the complex etiopathology of neurological diseases, it is important to identify
more reliable biomarkers and practical therapeutic approaches. An enormous number of
microbes, such as archaea, bacteria, protists, and fungi, generally termed the microbiome, re-
side in and on our bodies. Numerous investigations have concluded that an imbalance in the
composition of GI microflora is correlated with particular abnormal physiological conditions,
emphasizing the importance of the MGBA in an individual’s health status. The presence of a
biological link between the gastrointestinal microbial communities, the CNS, and immune sig-
naling implies that both immunological and neurological activities in the brain could be
impacted either directly by microbiota-derived products or indirectly by systemic microbial
signals. Meanwhile, more studies are essential to achieve a comprehensive perspective on
the GBA. Numerous investigations indicate that the gut microbiome is crucial for the proper
development and function of the brain. Several preclinical and clinical studies concluded
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that the GIT microbiome has implications in neurological dysfunctions, including AD, MS,
PD, and ASD. However, many complementary studies need to be conducted, and overinter-
pretation of data should be avoided. Hence, to elucidate the complex interactions between
the MGBA and neurological dysfunction, more appropriate designs and controlled investiga-
tions are necessary. The application of interventional approaches, such as probiotics, prebiot-
ics, and fecal transplantation therapies, can aid researchers in identifying more comprehen-
sive causes and the effects of underlying pathways. Application of microbial interventions,
such as FMT, supplementation of probiotics, and prebiotics, etc., in the prevention and treat-
ment of neurological disorders as a routine therapeutic strategy raises some questions and
challenges. Microbial interventions may theoretically be responsible for several side effects,
including sepsis, adverse metabolic activities, gene transfer, and excessive immune response
activation in susceptible individuals (427). Another extremely important challenge involves
the safety and tolerability of microbial therapeutic interventions in high-risk groups such as
children, immunocompromised patients, and elderly individuals. Therefore, according to the
greater risk of any microbial therapeutic intervention in high-risk groups, more caution
should be considered to avoid possible side effects. Despite several studies reporting the
safety of probiotics, some authors have recently performed more investigation with more
clinical trials to detect possible side effects (428). Consequently, more studies on the effect
of microbial therapeutic interventions possible interactions with other therapies, the appro-
priate size of the sample, and longer follow-up studies should be considered. Since the ben-
eficial effects on neurologic disorders are different and dependent on the therapeutic bacte-
rial strain, it is essential to conduct more extensive studies to identify the most beneficial
single or microbial formulation for each particular neurologic disease (429). In addition, it is
crucial to consider the adequate amounts of probiotics and other microbial interventions
when administered. The optimal dose and duration of treatment have not been completely
determined (430). In neurologic disorders, the time of administration, the formulation, and
the quantity of probiotic and other microbial interventions are widely different in preclinical
and clinical trials. More investigations are needed to determine a target population of micro-
bial therapeutic intervention, such as the optimal phase of the disease and the age of the
patient (431). Furthermore, unlike the high diversity of microbiota, probiotic formulations
are restricted to only a few diversities of beneficial bacteria. In particular, obligate anaerobes
are usually underrepresented in commercial products. However, the death of a premature
infant due to probiotic supplementation contamination raises doubts about the safety of
some microbial therapeutic products (432). The ability of each strain to remain viable and
effective at a given target should also be taken into account. Indeed, other studies have
demonstrated that once the dysbiosis after colonization of pathogenic microbial commun-
ities sets in, probiotics and prebiotics have not been effective, and other therapeutic strat-
egies, such as engineered bacteria, could be administered (433). According to the general
safety of FMT, a possible adverse effect has been reported to be linked with its preparation
under a protocol that lacks screening for multidrug-resistant organisms. Consequently, care-
ful testing and donor screening should be considered to minimize the safety concern of
FMT, particularly during the COVID-19 pandemic (434).

At present, defining a healthy microbial flora is perhaps one of the most challenging
topics because of the significant interindividual differences in the GI microbiome. However,
microbiota-targeted therapies can also be beneficial since they might lead to a step toward
precision medicine approaches. Indeed, further research is required to understand the
effects of external and internal factors that impede the gut microflora from being altered by
nutritional or other interventions. It is also essential to further explain the microbial structure
down to the strain level, utilizing metagenome analysis and multi-omics methods rather
than 16S rRNA gene sequencing. Meanwhile, expansion beyond the bacteriome is required
to fully appreciate the importance of neuroregulatory mechanisms, particularly in the
virome and bacteriophage fields. The application of systems biology approaches will be vital
in multi-omics data integration. Furthermore, the understanding the molecular mechanisms
underlying the bidirectional microbiota-gut-brain cross talk and pinpointing the functions of
the microbial products and their possible host interactions will be essential. The influence of
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both microbe-derived metabolites and dietary compounds on host physiology and health
has to be confirmed to further develop therapeutic approaches. Additional studies are also
needed to clarify the possible interactions between gut microflora and drug action, since a
significant number of patients are prescribed various medications. Overall, it must be fully
understood that the GI microflora plays a crucial role in the pathogenesis of CNS diseases
and could be considered a new organ, signified as the second brain. Future investigations
in neurotherapeutics will provide important information regarding gut microbiota as a new
boundary between human health and various diseases.

APPENDIX
GLOSSARY
Dopamine A catecholaminergic neurotransmitter synthesized by the central and pe-

ripheral nervous systems that acts by binding to G-protein-coupled receptors.
g-Aminobutyric acid (GABA) An inhibitory neurotransmitter in the central nervous sys-

tem and a nonproteinogenic amino acid that naturally exists in different kinds of foods.
Serotonin (5-hydroxytryptamine) A monoamine neurotransmitter regulating almost

all brain functions, including memory, mood, and sleep.
Short-chain fatty acids (SCFAs) Main metabolites produced by microbiota through

anaerobic fermentation of undigestible foods, including fiber and starch.
Blood-brain barrier (BBB) A unique property of the central nervous system vasculature

that provides a highly selectively permeable membrane protecting neurons against cir-
culating pathogens and toxins.

Germfree (GF) mouse model A model system bred in isolators and without exposure to
microorganisms allowing the study of complete absence of microbes in a living animal.

Specific pathogen-free (SPF) mice Mice that are totally free of a list of pathogens.
Postsynaptic density protein-95 (PSD-95) A member of the membrane-associated

guanylate kinase family encoded by DLG4, which is an important postsynaptic scaf-
folding protein.

Brain-derived neurotrophic factor (BDNF) A growth factor from the neurotrophic fam-
ily that is a key mediator of plastic neuronal changes related to memory and learning.

Microbe-associated molecular patterns (MAMPs) Conserved molecular signatures
in whole classes of microbes that are absent from the host.

Experimental autoimmune encephalomyelitis (EAE) An animal model of demyeli-
nating diseases such as MS, in which the T lymphocytes recognize the central nerv-
ous system as an exogenous immunogen, resulting in the demyelinating process.

Lipopolysaccharide (LPS) A large molecule consisting of polysaccharide and lipids found
in the outer membrane of Gram-negative bacteria that induces an immune response.

Antimicrobial peptides (AMPs) Host defense peptides and parts of the innate immune
response that include cationic or amphiphilic alpha-helical peptides.

Segmented filamentous bacteria (SFB) A group of host-adopted commensal immune
modulatory organisms colonizing the mammalian gut.

Metagenomic shotgun DNA sequencing Sequencing the DNA of a complete com-
munity of microbes

a-Diversity Term referring to diversity within a specific local sample or a specific ecological
community.

b-Diversity Term referring to differences between microbial communities from different
environments.

Leaky gut A condition in which undigested food particles and bacteria leak into the
bloodstream from a damaged intestine.

Alpha-synuclein A highly soluble unfolded protein found in neural tissue and the Lewy
bodies seen in synucleinopathies localized in the cellular organelles of neurons.

Bacterial 16S rRNA A useful gene for bacterial classification.
Human milk oligosaccharides (HMOs) A biologically diverse group of undigestible

sugars and the third most abundant solid component of milk.
Operational taxonomic unit (OTU) A group of similar microbial individuals based
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on similarity of the 16S rRNA gene (or other selected marker genes) sequences (e.g.,
95 to 99%).

Psychobiotics Beneficial prebiotics or probiotics influencing the bacterium-brain
relationship when ingested in appropriate amounts.

Paraprobiotics Nonviable probiotics that have lost their viability after exposure to
factors disrupting their cell structures.
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