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Abstract: Hundreds of billions of commensal microorganisms live in and on our bodies, most of
which colonize the gut shortly after birth and stay there for the rest of our lives. In animal models,
bidirectional communications between the central nervous system and gut microbiota (Gut–Brain
Axis) have been extensively studied, and it is clear that changes in microbiota composition play
a vital role in the pathogenesis of various neurodevelopmental and neurodegenerative disorders,
such as Autism Spectrum Disorder, Alzheimer’s disease, Parkinson’s disease, Multiple Sclerosis,
Amyotrophic Lateral Sclerosis, anxiety, stress, and so on. The makeup of the microbiome is impacted
by a variety of factors, such as genetics, health status, method of delivery, environment, nutrition,
and exercise, and the present understanding of the role of gut microbiota and its metabolites in the
preservation of brain functioning and the development of the aforementioned neurological illnesses
is summarized in this review article. Furthermore, we discuss current breakthroughs in the use of
probiotics, prebiotics, and synbiotics to address neurological illnesses. Moreover, we also discussed
the role of boron-based diet in memory, boron and microbiome relation, boron as anti-inflammatory
agents, and boron in neurodegenerative diseases. In addition, in the coming years, boron reagents
will play a significant role to improve dysbiosis and will open new areas for researchers.

Keywords: microbiome; gut-brain axis; boron-based diet; Alzheimer’s disease; Parkinson’s disease;
boron neuroprotective agent

1. Introduction

The human body is home to billions of small living creatures known collectively as the
human microbiota, and their genome is referred to as the microbiome. The gut microbiota,
sometimes known as the “forgotten organ,” with roughly 3 million genes, which is up to
150 times the human genome [1]. Microbes flourish on our skin, as well as in our geni-
tourinary, gastrointestinal, and respiratory systems, with the gastrointestinal tract being
the most densely infested. The colon and rectum, located at the end of the gastrointestinal
(GI) tract, are thought to house the greatest number of bacteria in the human body [2].
Surprisingly, just one-third of our gut microbiota is shared by most individuals, while
the remaining two-thirds is unique to each person, similar to a personal identification
card [3]. The makeup of this microbial population changes over time, and it is subject to
both external and endogenous variations [4]. Diet, metabolism, age, location, stress, and
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antibiotic therapy may all disrupt the balance between helpful commensals and potentially
pathogenic microorganisms, ‘Dysbiosis’ [5] is the word for this shattered equilibrium. The
gut microbiota has been shown to have a crucial role in maintaining immune function
and metabolic balance, vitamin generation, pathogen protection, stimulating angiogenesis,
and maintaining the intestinal barrier. The realization that gut microbiota plays a role in
maintaining homeostasis and regulating practically every major bodily system, including
the central nervous system (CNS), has sparked a revolt in biomedicine during the last two
decades [6]. The “gut–brain axis” (GBA) implies the existence of a two-way communication
route between gut microorganisms and the CNS, is now widely accepted [7], and dysregu-
lation of this axis is increasingly suspected of being involved in the pathophysiology of
neurological disorders, such as Autism Spectrum Disorder, Alzheimer’s disease, multiple
sclerosis, Parkinson’s disease, etc. [6]. Currently, microbiome-based therapies, such as pre-
biotics, probiotics, and synbiotics, as well as microbiota fecal transplants, aim to promote
eubiosis to improve metabolic and mental health [8]. In addition, Boron (B), a kind of active
bio-trace-element, has been suggested to be an essential nutrient, which imparts neuro-
protective effects. Boron intake has been linked to bone, mineral, and lipid metabolism,
and immunological function. As evidence mounts that B is critical for human health, it is
critical to investigate probable links between B nutrient intake and brain and psychological
function [9]. This review’s main goal is to summarize what is currently known about the
gut microbiota’s function in different neurodevelopmental and neurodegenerative illnesses,
as well as its changing makeup. Furthermore, the numerous therapy methods that have
been employed to ameliorate these illnesses are discussed.

2. Gut Microbiota
2.1. Classification and Characterization

The gut microbiota is of bacteria classified by genus, family, order, and phylum.
Firmicutes and Bacteroidetes are the most common gut microbial phyla, accounting for 90%
to 95% of the total microbiota [10], which is also described as the genetic material of all bac-
teria in the intestine. Clostridium (95% of the Firmicutes phylum), Blautia, Faecalibacterium,
Enterococcus, Lactobacillus Eubacterium, Roseburium, and Ruminococcus are among the more
than 200 genera that make up the phylum Firmicutes. Bacteroidetes consist of predom-
inant genera like Bacteroides and Prevotella. Other phyla in the gut microbiota include
Proteobacteria, Actinobacteria, Fusobacteria, Spirochaetes, and Verrucomicrobia [11].

Researchers have been able to phylogenetically identify and quantify the components
of the gut microbiota [12] using novel methods based on DNA extraction and sequencing
of 16S rRNA, 18S, and ITS gene [13]. The 16S rRNA gene (1500 bp) is large enough for
informatics purposes and is found in almost all bacteria, and its function has not changed
over time thus it has been by far the most commonly used phylogenetic tool [14,15]. Metage-
nomics provide a wealth of information on a microbiome’s current taxonomies, but little
about critical functions. Meta-transcriptomics is an RNA-based technique that studies
the functional analysis of genes expressed by the microbiome and may also assess the
taxonomic composition of the microbial population. Meta-proteomics is the study of the
collective protein composition of multi-organism systems, and large-scale identification
and quantification of proteins from microbial communities provide direct insight into the
phenotypes of microorganisms on the molecular level [16]. Metabolomics is described as a
systematic analysis of metabolites in a biological specimen that allows for detailed pheno-
typing of metabolic phenotypes and precision medicine on a number of levels, including
the identification of metabolic derangements that underpin disease, the development of
biomarkers that can be used to diagnose a disease or monitor therapeutic activity, as well
as the discovery of new potential therapeutic [17].

2.2. Variation in the Composition of Gut Microbiota

The makeup of the intestinal flora is dynamic and is affected by a variety of parame-
ters, including intestine anatomical area, gestational age, type of delivery, breastfeeding
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techniques, weaning duration, age, antibiotic usage, ethnicity, dietary habits, and cultural
practices (Figure 1A) [18]. The complexity and quantity of bacteria tend to grow as we
progress down the GI tract, with tiny numbers in the stomach but extremely high concentra-
tions in the colon [19]. Lactobacilli, Veillonella, and Helicobacter, are the most common bacteria
in the stomach, whilst Bacilli, Streptococcaceae, Actinomycinaeae, and Corynebacteriaceae are
typical in the duodenum, jejunum, and ileum. The concentration of Lachnospiraceae and
Bacteroidetes in the colon increases as we descend the ileum [19]. The gestational age at birth
is a significant factor in gut microbial colonization. The gut microbiota of preterm newborns
(born before 37 weeks) differs from that of term babies. Microbial colonization in preterm
infants is characterized by limited microbial diversity, an increased number of potentially
pathogenic and facultative anaerobic bacteria, such as Enterobacter, Enterococcus, Escherichia,
and Klebsiella, and obligatory anaerobes, such as Bifidobacterium, Bacteroides, and Atopobium
have lower levels [20]. Microbiota of infants born through vaginal delivery composed
of Bifidobacterium longum and Bifidobacterium catenulatum and other facultative anaerobic
species, such as Escherichia coli, Staphylococcus, Bacteroides fragilis, and Streptococcus. Infants
born via C-section, on the other hand, have Streptococci as the dominant species resem-
bling maternal skin microbiota and lower levels of the protective Bifidobacterium longum
subspecies infantis (B. infantis) bacteria [21]. Breast-fed neonates have a more consistent
and uniform population of microbiota than formula-fed infants, harboring two times more
Bifidobacterium spp. and a lower number of Clostridium and Streptococcus species [22].
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Figure 1. (A) Factors causing alteration in gut microbiota; (B) Important function of gut microbiota.

The human gut is not microbiologically sterile at birth; in actuality, bacterial col-
onization is a multidimensional procedure that starts in utero and is impacted by a
variety of factors, such as mode of delivery, feeding method, etc. By the age of one
year, a child’s microbiota composition has a characteristic abundance of Akkermansia
muciniphila, Bacteroides, Veillonella, and Clostridium botulinum spp. In adulthood, the three
bacterial phyla that dominate, i.e., Firmicutes (Lachnospiraceae and Ruminococcaceae), Bac-
teroidetes (Bacteroidaceae, Prevotellaceae, and Rikenellaceae), and Actinobacteria (Bacteroidaceae,
Prevotellaceae, and Rikenellaceae), and as people become older, Bifidobacterium and Firmicutes
levels tend to decline and Bacteriodetes and Proteobacterium levels ascent [12].

Dietary content has a significant impact on the gut microbial population [23]. High-fat
diets are linked to lower numbers of Gram-negative and Gram-positive bacteria in the intes-
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tine, including Bifidobacteria [24]. Vegans showed lower levels of Bacteroides, Bifidobacterium,
and Enterobacteriaceae spp. than control patients, according to a study by Zimmer et al. [25].
Wholegrain and prebiotic-rich diets have been demonstrated to lower opportunistic infec-
tions, including Enterobacteriaceae and Desulfovibrionaceae, while increasing Bifidobacte-
riaceae, which function as gut barrier-protecting bacilli [26]. Antibiotics are vital tools in
the battle against infectious illnesses, but their usage can decline bacterial diversity and
abundance, depending on the antibiotic class, dosage, and exposure time. Intrapartum
antibiotics can increase the number of Bacteroides and Enterobacteria in the newborn gut
while decreasing Bacteroidetes [27]. In addition, non-dietary lifestyle variables, such as
lack of exercise or obesity, stress and smoking also lower the beneficial gut microbiota [28].

2.3. Important Functions and Beneficial Effects of Gut Microbiota in Our Body

The development, activation, and function of the host immune system are all influ-
enced by the microbiota. The host immune system, in turn, has evolved several mechanisms
for maintaining its symbiotic interaction with the microbiota [29].

The innate immune system, which is made up of physical and chemical barriers,
immune cells, and blood proteins (e.g., cytokines), is our first line of defense. This differ-
ential detection of commensal and pathogenic bacteria is mediated by Toll-like receptors
(TLRs) found on the membranes of epithelial and lymphoid cells in the small intestine.
TLRs identify multiple microbe-associated molecular patterns (MAMPs), including diverse
bacterial antigens, such as peptidoglycan components (muramic acid, flagellin, capsu-
lar polysaccharides, and lipopolysaccharides), and activate innate intestinal immunity.
NOD-like receptors (NLRs) identify a variety of microbial-specific chemicals and cause
the formation of inflammasomes, which can operate as damage-related pattern sensors.
Paneth cells, which are specialized secretory cells of the small intestine mucosa, also play an
important role in defining gut microbiota architecture by generating Antimicrobial Peptides
(AMPs). Immune receptors are known as Pattern-Recognition Receptors (PRRs) play a
dual role, detecting pathogens and symbionts, with differing outcomes for microorganisms
and hosts [30].

Unlike innate immunity, adaptive immunity is highly specific to a given pathogen
and is mediated by two primary lymphocyte populations known as B cells and T cells.
The adaptive immune system relies heavily on CD4+ T cells. Naive CD4+ T cells can
develop into one of four subtypes after being stimulated: T helper 1 (Th1), Th2, Th17, or
regulatory T cells (Treg). Each lineage secretes a unique cytokine after differentiation [31].
Bacteroides fragilis induces a systemic Th1 response, which is critical for eradicating intra-
cellular infections, through its polysaccharide amolecules. On the other hand, Segmented
Filamentous Bacteria were shown to be effective inducers of Th17 cells, and Clostridia have
been found to increase the production of colonic Tregs, an important mediator of immuno-
logical tolerance whose malfunction can lead to autoimmune diseases. The gut microbiome
helps CD8+ T cells influence other peripheral immune cells, such as marginal zone B cells,
plasmacytoid dendritic cells, and invariant natural killer T cells by training them. Though
gut-associated B cells are present in Peyer’s patches, the gut microbiota is a significant driv-
ing force for mucosal IgA synthesis. Commensal bacteria and soluble antigens are coated
by Secretory IgA (SIgA), which prevents them from attaching to the host epithelium and
penetrating into the lamina propria. As a result, SIgA acts as an intestinal barrier and aids
in the maintenance of a mutualistic relationship between the host and the microbiota [32].

They provide colonization resistance, i.e., protection from exogenous pathogen in-
fection by competing for shared resources and habitats, as well as by strengthening host
defense processes [33]. They support epithelial homeostasis because the intestinal epithe-
lium is equipped with a variety of PRRs that identify microbial components and, as a result,
activate cell signaling pathways that promote cellular growth [34]. The gut microbiome
can also stimulate angiogenesis [35] and fat accumulation by activating local microvascular
cells. They can also affect the nervous system, contributing to the development of naive
microglia, with the number of mature microglia decreasing in the absence of microbiota.
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They also break down dietary molecules, synthesize vitamins and other nutrients, modify
bone mass density, and metabolize medicines into active substances [36].

2.4. Microbiota and Its Metabolites

Various bacterial genera and species, in cooperation with the host, are responsible for
the production of various metabolites. In the large intestine, indigestible oligosaccharides
that escape digestion and absorption in the small intestine are fermented by intestinal
microbiota producing short-chain fatty acids (SCFAs), such as acetate, propionate, and bu-
tyrate (>95%), with formate, valerate, caproate, or others accounting for the remainder [37].
Because most propionate is metabolized in the liver (Koh et al., 2016), acetate is the most
common SCFA in the circulatory system, whereas butyrate is predominantly metabolized
in the epithelial mucosa in the maintenance of colonic health (van der Beek et al., 2017).
Firmicutes are the main producers of butyrate, whereas Bacteroidetes are the leading pro-
ducers of acetate and propionate [38]. SCFAs are carried into host cells and interact with
the G protein-coupled receptors GPR41, GPR43, and GPR109A, which sense metabolites
and are expressed in the gut epithelium and immune cells. As a result, a process that is
important for maintaining homeostasis in the intestine and other organs is induced [39].
The second mechanism is connected with inside-cell direct suppression of nuclear class
I histone deacetylases (HDACs), such as HDAC1 and HDAC3. Inhibition of HDACs is
mostly linked to anti-inflammatory immune phenotypes, such as decreased proinflam-
matory cytokine (IL-6, IL-8, TNF-α, and so on) and decreased NF-kB action. SCFAs can
also maintain the epithelial barrier’s integrity by regulating tight junction proteins such
claudin-1, occludin, and zonula occludens-1 (Wang et al., 2012). Thus, reduced levels of
these proteins would aid bacteria and lipopolysaccharide (LPS) translocation, prompt-
ing an inflammatory response. SCFAs also play a role in colonocyte differentiation and
proliferation, mucosal cell migration, mucin 2 expression augmentation, oxidative stress
modulation, and immune response (van der Beek et al., 2017), all of which are crucial to the
human body’s fight against diseases, such as Parkinson’s disease, Crohn’s disease, etc. [38].
In addition, SCFAs can be delivered to several organs after being metabolized, e.g., Propi-
onate is mostly involved in gluconeogenesis, whereas acetate and butyrate are primarily
involved in lipid biosynthesis (Figure 2) [38].

Tryptophan is a precursor for important metabolites and is a vital aromatic amino acid.
In host cells, tryptophan from dietary sources, such as oats, fish, milk, and cheese can take
one of two routes: kynurenine [40,41] or serotonin [42]. In the third route, gut microbes are
involved in the direct conversion of tryptophan to a variety of compounds, including indole
and its derivatives (Figures 3 and 4) [43]. Clostridium perfringens and Escherichia coli generate
indole derivates, such as indoleacetylglycine, indoxyl sulfate, indole-3-propionate, 6-sulfate,
and serotonin which binds to the aryl hydrocarbon receptor, thus, help maintaining colon in-
tegrity by regulating the production of inflammatory and anti-inflammatory genes involved
in the gut–brain axis [44,45]. Biogenic amines, such as trimethylamine-N-oxide (TMAO),
trimethylamine, agmatine, histamine, etc., act on histamine receptors and are involved
in gut epithelial homeostasis, cell growth, and aging; modulate anti-inflammatory and
anti-tumoral effects. They are produced by Clostridium saccharolyticum, Campylobacter jejuni,
Bifidobacterium [38]. Bile Acids (Bas) are cholesterol-derived small molecules produced
by hepatocytes. The gut microbiota converts primary Bas (chenodeoxycholic acid and
cholic acid) into secondary Bas and deconjugates them [43]. These Bas primarily tar-
get G protein-coupled bile acid receptor 1 and regulate glucose, cholesterol, and energy
homeostasis, maintains intestinal barrier function, facilitate lipid-soluble vitamin absorp-
tion, and inhibit NF-kB-dependent transcription of proinflammatory genes. Vitamins,
such as vitamin B9, thiamine, vitamin B2, niacin, vitamin K, vitamin B1, riboflavin, etc.,
are produced by bacteria, such as Bifidobacterium bifidum, Bacillus Subtilis, Escherichia coli,
Bacteroidetes, and are involved in immunological function, cellular metabolism, cell prolif-
eration and offer vitamin sources for hosts. Polyphenols produced by Clostridium, E. coli,
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Salmonella, and Bacteroides function as antioxidants, and reduce the risk of colon cancer
and inflammation [38,46,47].

Molecules 2022, 27, x FOR PEER REVIEW 6 of 30 
 

 

lipid-soluble vitamin absorption, and inhibit NF-kB-dependent transcription of proin-
flammatory genes. Vitamins, such as vitamin B9, thiamine, vitamin B2, niacin, vitamin K, 
vitamin B1, riboflavin, etc., are produced by bacteria, such as Bifidobacterium bifidum, Ba-
cillus Subtilis, Escherichia coli, Bacteroidetes, and are involved in immunological function, 
cellular metabolism, cell proliferation and offer vitamin sources for hosts. Polyphenols 
produced by Clostridium, E. coli, Salmonella, and Bacteroides function as antioxidants, and 
reduce the risk of colon cancer and inflammation [38,46,47]. 

 
Figure 2. Schematic overview of microbiota and its metabolites—In the large intestine, dietary 
fiber and undigested carbohydrates are fermented into SCFA (Butyrate, propionate, and acetate) by 
gut microbiota. These metabolites can regulate tight junction, increase mucin production, upregu-
late MUC-2 expression, and increase synthesis of IgA through B cell activation. These metabolites 
also exert an anti-inflammatory effect by inhibiting HDAC (which leads to the differentiation of 
naïve T cells to regulatory T cells), which further decreases the production of proinflammatory cy-
tokines, such as IL-6, IL-8, TNF-α, and NFkB activity. SCFA also stimulates intestinal gluconeogen-
esis, improving glucose tolerance. Moreover, SCFA can stimulate EEC to release GLP-1 and PYY, 
which acts as an anorexigenic agent by suppressing appetite and GLP-1 stimulate the pancreas to 
release insulin, thus increasing the uptake of glucose in muscle and adipose tissue. SCFA suppresses 
appetite by increasing leptin synthesis in adipose tissue. In liver SCFA, phosphorylate and activate 
AMPK directly by increasing the AMP/ATP ratio or indirectly via LEPR. Activation of AMPK trig-
gers PGC-1α expression, which promotes fatty acid oxidation, lipolysis, and cholesterol synthesis 
and decreases fatty acid synthesis. Abbreviations: SCFA, Short-Chain Fatty Acid; MUC2, Mucin2; 
HDAc, Histone acetylation; EEC, Enteroendocrine cell; GLP-1, Glucagon-like Peptide 1; PYY, Pep-
tide YY; pAMPK, phosphorylated Adenosine monophosphate activated protein kinase; AMP, aden-
osine monophosphate; ATP, adenosine triphosphate; LEPR, leptin receptor; PGC-1α peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha. 

Figure 2. Schematic overview of microbiota and its metabolites—In the large intestine, dietary
fiber and undigested carbohydrates are fermented into SCFA (Butyrate, propionate, and acetate) by
gut microbiota. These metabolites can regulate tight junction, increase mucin production, upregulate
MUC-2 expression, and increase synthesis of IgA through B cell activation. These metabolites also
exert an anti-inflammatory effect by inhibiting HDAC (which leads to the differentiation of naïve T
cells to regulatory T cells), which further decreases the production of proinflammatory cytokines, such
as IL-6, IL-8, TNF-α, and NFkB activity. SCFA also stimulates intestinal gluconeogenesis, improving
glucose tolerance. Moreover, SCFA can stimulate EEC to release GLP-1 and PYY, which acts as an
anorexigenic agent by suppressing appetite and GLP-1 stimulate the pancreas to release insulin,
thus increasing the uptake of glucose in muscle and adipose tissue. SCFA suppresses appetite by
increasing leptin synthesis in adipose tissue. In liver SCFA, phosphorylate and activate AMPK di-
rectly by increasing the AMP/ATP ratio or indirectly via LEPR. Activation of AMPK triggers PGC-1α
expression, which promotes fatty acid oxidation, lipolysis, and cholesterol synthesis and decreases
fatty acid synthesis. Abbreviations: SCFA, Short-Chain Fatty Acid; MUC2, Mucin2; HDAc, Histone
acetylation; EEC, Enteroendocrine cell; GLP-1, Glucagon-like Peptide 1; PYY, Peptide YY; pAMPK,
phosphorylated Adenosine monophosphate activated protein kinase; AMP, adenosine monophos-
phate; ATP, adenosine triphosphate; LEPR, leptin receptor; PGC-1α peroxisome proliferator-activated
receptor gamma coactivator 1-alpha.
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3. Gut–Brain Axis

The gut–brain axis (GBA) is characterized by bidirectional communication, i.e., the
gut microbiota sends messages to the brain, and the brain sends signals to the gut via neu-
rological (vagus nerve and enteric nervous system), endocrine (cortisol), immunological
(cytokines), and humoral pathways [48]. The neuroendocrine and neuroimmune systems,
which include enteroendocrine cells and gastrointestinal enterochromaffin cells, the in-
testinal mucosal barrier, and the blood–brain barrier, are primarily involved in bottom-up
communication [49,50]. SCFAs, tryptophan metabolites, and secondary BAs, among other
gut microbiota metabolites, are important mediators of this bottom-up communication. The
neuroanatomical route, the modulation of the intestinal barrier, and the release of neuro-
transmitters (e.g., 5-HT and catecholamines) are all involved in top-down communication
between the brain and gut bacteria [51,52]. Two neuroanatomical routes connect the gut
and the brain. The first reflects direct communication between the gut and the brain via the
vagus nerve in the spinal cord and the autonomic nervous system (ANS). The second is a
bidirectional connection between the gut’s enteric nervous system and the spinal cord’s
vagus nerve and ANS [53].

The hypothalamic–pituitary–adrenal (HPA) axis is a significant neuroendocrine sys-
tem that regulates many physiological functions in response to psychological and physical
stresses, such as infections, to ensure a proper reaction to the stressor [54]. The release
of corticotropin-releasing hormone (CRH) from the paraventricular nucleus signals the
activation of the HPA axis, which subsequently induces the release of adrenocorticotropic
hormone (ACTH) from the anterior pituitary gland. ACTH stimulates the generation of
glucocorticoids (cortisol in humans) in the adrenal cortex, which can have a significant influ-
ence on gut physiology (e.g., modifying the intestinal epithelial barrier and immunological
responses) and gut microbiota composition [55]. Immune response activation, such as the
production of chemokines and cytokines by immune cells (dendritic cells, B cells, mast cells,
and T cells) in the gut or elsewhere, impact the brain. The gut microbiota produces a variety
of important neurotransmitters, including gamma-aminobutyric acid, 5-HT, dopamine,
and SCFAs, which have an impact on the human body, including the brain [53].

4. Role of Microbiota in Brain Development

The gut microbiota has been found to impact microglial maturity and function, blood–
brain barrier formation and stability, myelination, and neurogenesis, along with other
neurodevelopmental processes [56]. The relevance of the microbiome in early brain devel-
opment has been discovered thanks to germ-free mice. Diaz Heijtz and colleagues (2011)
discovered that germ-free mice have an upregulation of genes associated with a variety
of plasticity and metabolic pathways, including long-term synaptic potentiation, steroid
hormone metabolism, and cyclic adenosine 5phosphate-mediated signaling, with the cere-
bellum and hippocampus being the most affected, using a genome-wide transcriptomic
approach [57]. Adult hippocampal neurogenesis is boosted in germ-free mice in the dorsal
hippocampus (Ogbonnaya et al., 2015), but antibiotic treatment reduces neurogenesis,
which can be restored with probiotics and exercise (Mohle et al., 2016). Increased turnover
of dopaminergic and 5-HT neurotransmitters, as well as elevations in synaptogenesis
markers, have been found in the striatum of germ-free mice, contributing to alterations in
locomotive and exploratory behavior [58]. Luczynski et al., 2016 showed that germ-free
mice have increased hippocampal and amygdala volume and have dendritic hypertrophy
in the basolateral amygdala (mediate anxiety and fear-related response, as well as social
behavioral patterns), when compared to mice with normal microbiota [59]. Germ-free mice
had hypermyelination and elevated expression of genes involved in myelination in the
prefrontal cortex part of the brain (Hoban et al., 2016) [57,60]. Lu et al. (2018) investigated
the impact of preterm newborn microbiotas known to cause either high or low growth
phenotypes on postnatal brain development utilizing a germ-free mouse transfaunation
paradigm. When compared to the microbiome related to the high growth phenotype, the
neuronal markers NeuN and neurofilament-L, as well as the myelination marker MBP, the
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microbiome associated with the low growth phenotype exhibited a drop in these markers.
Furthermore, a poor growth phenotype-associated microbiota was linked to increased
neuroinflammation, as shown by an increase in Nos1, as well as changes in the IGF-1
pathway, including lower circulating and brain IGF-1 and lower circulating IGFBP3 [61].

5. Gut Microbiota in Neurodevelopmental Diseases

The human brain begins to grow in the third week of pregnancy, and by the time
it is born, there are 86 billion neurons and 100 trillion connections, creating basic cir-
cuits. Under the impact of the environment, these rudimentary circuits evolve into in-
creasingly complex linked circuits. Hormones such as oxytocin, the immune system,
neurotransmitters such as serotonin, and the microbiome-gut–brain axis all contribute
to the neuronal circuitry that underpins social cognition, emotion, and behavior. These
social, cognitive, and behavioral dimensions, as well as their neurodevelopment, are
impaired in neurodevelopmental disorders, including ASD and schizophrenia. Even in
those who are not predisposed to disease, the “pathogenic” microbiome may be enough
to cause disease (Kim et al., 2017). Microbiota from individuals with depression, ir-
ritable bowel syndrome-associated anxiety, or schizophrenia, for example, was trans-
planted into wild-type mice and encouraged indication-specific behavioral abnormalities
(De Palma et al., 2017; Zheng et al., 2016, 2019) [62,63].

Autism Spectrum Disorder

Autism is a developmental disease marked by difficulty with social communication,
as well as a lack of interest and repetitive conduct [64]. According to estimates from the
CDC’s Autism and Developmental Disabilities Monitoring (ADDM) Network, the rate of
autism has grown significantly across the globe (prevalence of 1%) [56], impacting 1 in
54 children [65]. However, determining the specific etiology and pathophysiology of ASD
is challenging, and effective treatments are scarce. Genetic and environmental variables,
aberrant immunological responses, and dysbiosis-induced gut integrity breakdown have all
been related to the development of autism [66]. Prenatal nutrition, perinatal stress, cesarean
birth, preterm, restricted breastfeeding, infections, and antibiotic usage are among the
environmental risk factors linked to ASD [67,68]. Food rejection, food allergies, constipation-
diarrhea, food intolerance, stomach discomfort, and fussy eating habits are all more frequent
in children with ASD than they are in the general population [69]. Alterations in the GMBA
have been linked to neurodevelopmental disorders, including ASD, according to current
evidence [70,71]. Constipation was shown to be more common in children with ASD [72]
and, might be linked to microbial dysbiosis, which could compromise the intestinal barrier’s
integrity [73].

According to Srikantha et al., intestinal permeability produced by a loss in barrier-
forming tight junctions might be a possible biomarker in ASD pathophysiology [74]. Several
investigations have found that people with ASD had higher levels of IL-6, IL-1, TNF-α,
and TGF-β in their serum, brain tissue, and spinal fluid [75]. Ashwood and colleagues
supported the hypothesis that there is a high pro-inflammatory chemical circulation and a
low regulatory circulation in patients with ASD, which further supports the occurrence of
mucosal immunopathology. In comparison to controls, CD3+ T cells were observed to be
more abundant in the duodenum and colon of children with ASD [76,77]. The significance
of GMB metabolites, particularly short-chain fatty acids (SCFAs), in the pathophysiology
of ASD has piqued researchers’ interest in recent years. These SCFAs are thought to affect
the mitochondrial role in terms of the citric acid cycle and carnitine metabolism, as well as
epigenetically altering ASD-related genes [78]. Butyrate (BT), one of the most prominent
SCFAs, has been recommended as a neuroprotectant and has been shown to positively affect
mitochondrial activity. By inhibiting HDAC, BT modulates the blood–brain barrier (BBB)
and suppresses intestinal pro-inflammatory macrophage activity. As a result, BT-producing
bacterial taxa are found in lower numbers in autistic people [79]. Propionate disrupts GI
function in a way that causes problems in people with ASD (Getachew et al.) [80]. It has
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the potential to elicit reversible neuro-inflammatory, metabolic, behavioral, and epigenetic
alterations similar to those seen in ASD animal models. According to Altieri et al., a
high amount of urine p-cresol is linked to ASD-like repetitive behaviors [81]. In normal
mice, 4-ethyl phenyl sulfate (4-EPS), a uremic toxin and a GMB metabolite, causes ASD-
like behavior, as well as anxiety-like symptoms. Germ-free mice do not detect 4-EPS,
showing that it is a GMB metabolite. The 4-EPS levels were found to be greater in the
offspring of maternal immune activation (MIA), as indicated in a mouse model with
ASD characteristics. In an MIA model of ASD, treatment with Bacteroides fragilis, a
probiotic bacteria, lowered the quantity of 4-EPS [82]. Probiotics or prebiotics, as well as
fecal microbiota transplant (FMT), have been studied in ASD clinical trials to improve GI
abnormalities and ASD severity [83]. For a 19-week experimental period, 13 ASD children
were given a probiotic (Vibosome containing Lactobacillus and Bifidobacterium), and it
improved GI problems significantly [84].

In an open-label clinical experiment, Fecal Microbiota Transplantation from healthy
controls to ASD-diagnosed children is performed to look for improvement in GI-related
symptoms in ASD people. The study indicated that after seven to eight weeks of daily
maintenance dosages, 80% of children with ASD had reduced GI symptoms and ASD
severity [85]. A two-year follow-up of this cohort revealed that treated patients had
improved their GI and ASD symptoms [86]. In comparison to probiotic and prebiotic
therapies, FMT therapy exhibited a long-term benefit.

6. Microbiota in Neurodegenerative Disease

Through the GMBA, gut dysbiosis can influence brain immune homeostasis and play
a role in the etiology of neurodegenerative illnesses, such as Parkinson’s disease (PD),
Alzheimer’s disease (AD), multiple sclerosis, and amyotrophic lateral sclerosis [87].

6.1. Alzheimer’s Disease

Dementia is a condition in which memory, conduct, reasoning, capacity to do daily
activities, judgment, and language deteriorate. Alzheimer’s disease and other forms of
dementia have been claimed to be the fifth leading cause of mortality worldwide [88].
The most important risk factor is age, with the vast majority of people with Alzheimer’s
dementia being 65 or older [89]. Extracellular -amyloid (A), senile plaques (SP), and
intracellular neurofibrillary tangles (NFT) are the key characteristics of Alzheimer’s disease.
Increased production of reactive oxygen species (ROS) causes neuroinflammation and cell
death. In addition, vascular abnormalities and mitochondrial damage have a role in the
etiology of Alzheimer’s disease [90,91].

6.1.1. Gut Dysbiosis and Alzheimer’s Disease

The generation of signaling proteins that impact metabolic pathways relevant to AD
development is affected by changes in the gut microbiota. The ageing process causes local
systematic inflammation, which impairs GIT permeability and blood–brain barrier function,
by modifying the GM composition, i.e., a higher abundance of pro-inflammatory bacteria
than anti-inflammatory bacteria (Figure 5) [92].
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microglia, increasing TNF-α, IL-1β, iNOS, NADPH oxidase, and thus astrocyte activation and NF-
kB activity which further promote Aβ aggregation. Aβ also acts as an agonist to the TLR4 receptor 
and thus promotes the vicious cycle of amyloid aggregation and ultimately neuronal death in AD. 
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Figure 5. Dysbiosis and Alzheimer’s disease; intestinal permeability is harmed when gut equilibrium
is disrupted by pro-inflammatory microorganisms that produce bacterial amyloids, LPS, TMAO
and decrease beneficial bacterial metabolites, such as SCFA. Impairment in the gut and blood–
brain barrier leads to the increased invasion of microbes into peripheral and CNS and increase
production of pro-inflammatory cytokines and thus causing peripheral and central inflammation.
This neuroinflammation leads to neuronal death directly and through ROS which leads to the
formation of neurofibrillary tangles. LPS also acts on TLR2/TLR4 CD14 receptor on activated
microglia, increasing TNF-α, IL-1β, iNOS, NADPH oxidase, and thus astrocyte activation and NF-kB
activity which further promote Aβ aggregation. Aβ also acts as an agonist to the TLR4 receptor and
thus promotes the vicious cycle of amyloid aggregation and ultimately neuronal death in AD.

6.1.2. Metabolites Implicated in Alzheimer’s Disease

Lipopolysaccharide (LPS)—Lipopolysaccharide (LPS) is a lipid-sugar compound that is a
prominent component of Gram-negative bacteria’s cell walls [88] (50–70% in the normal gut
microbiota). LPS is a valuable tool for investigating neuroinflammation in neurodegenera-
tive diseases [93]. Tight connections between intestinal epithelial cells prevented LPS from
entering the bloodstream in healthy people. LPS will enter the bloodstream and produce
inflammation if the tight connections are weakened. As a result, blood LPS levels indicate
not only inflammation but also a leaky gut. A slew of in vivo and in vitro investigations
have revealed that LPS activates many intracellular molecules that alter the expression of
several inflammatory mediators, hence contributing to or initiating neurodegeneration.
LPS activates TLR4-CD14/TLR2 receptors on leukocytes and microglia, resulting in NF-kB-
mediated cytokine surges that raise Aβ levels, injure oligodendrocytes, and cause myelin
damage in the AD brain. Because Aβ 1–42 is also a TLR4 agonist, it may set in motion a
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vicious loop that accounts for AD’s persistent progression [94]. The blood–brain barrier
is also disrupted by serum LPS, that can also enter the brain and reactivate microglia,
astrocytes, and numerous amyloidogenic and inflammatory pathways. Increased levels
of inflammatory cytokines and NF-kB promote a rise in amyloid precursor protein (APP)
and Aβ protein cleavage and accumulation, resulting in neuron loss and the development
of Alzheimer’s disease [88]. Zhao et al. (2019) showed that LPS administration causes
illness behavior and cognitive impairment, as well as microglia activation and neuronal
cell death in the hippocampus in C57BL/6J mice. The LPS treatment decreased the levels
of IL-4 and IL-10 while increasing the levels of TNF, IL-1, PGE2, and nitric oxide (NO).
The NF-kB signaling pathway was activated in the LPS groups, according to Western blot
analysis. In addition, VIPER, a TLR-4-specific inhibitory peptide, reduced LPS-induced
neuroinflammation and cognitive impairment [95]. According to Thingore et al. (2020),
LPS injection elevated neuroinflammation, caused poor memory retention and exacer-
bated the cognitive decline, and led to oxidative stress by lowering SOD, and increasing
lipid peroxidation [96].

Amyloid—Amyloids are self-aggregating proteins that can induce cellular dysfunction
in patients with neurodegenerative disorders [97]. Aβ is a cleavage product of APP, a trans-
membrane protein implicated in neuronal growth, signaling, and intracellular transport [98].
GM-produced amyloids have been shown to cross-seed Aβ deposition in several in vitro
and in vivo studies [99]. Curli is created by Escherichia coli, TasA is made by Bacillus sub-
tilis, CsgA is produced by Salmonella Typhimurium, FapCP is produced by pseudomonas
fluorescens, and so on [100]. Bacterial amyloids have a different basic structure than brain
amyloids, although they have similar metabolic and structural properties [101]. In a process
known as seeding, preexisting amyloid aggregates produced from the same protein can
speed up the polymerization of amyloidogenic proteins into ordered fibers. These amyloids
cause Aβ fibrils and oligomers to misfold, allowing bacteria to attach to one another and
create biofilms that may withstand immunological or physical attack. Bacterial amyloid
proteins in the gut may prime the immune system, increasing immunological responses
to intrinsic neural amyloid formation in the CNS [102]. Resemblances in tertiary protein
structure may play a role in the development of prion-like agents via molecular mimicry,
which results in cross-seeding, in which an amyloidogenic protein induces the production
of another protein, such as a host protein with a distinct structure, to adopt the pathogenic
sheet structure. According to Cattaneo et al. (2017), amyloidosis-positive individuals had
greater blood levels of IL-1β, IL-6, C-X-C motif chemokine ligand, and nod-like receptor
protein 3, and lower levels of anti-inflammatory cytokine IL-10 [103]. Ho et al. (2018) found
that the gut microbiota can help guard against Alzheimer’s disease by promoting the pro-
duction of certain SCFAs that prevent the creation of harmful soluble Aß aggregates [104].
In recent work, Javed et al. (2020) found that FapCS has a catalytic ability in seeding peptide
amyloidosis, poor cognitive function, and behavior pathology in vitro, in silico, and in a
zebrafish AD model [105].

Calprotectin is a tiny calcium-binding protein generated by neutrophils and monocytes,
a heterodimer of S100A8/A9 (a TLR4 ligand). Elevated fecal calprotectin may act as a
sign of intestinal inflammation. The concentration of fecal calprotectin in 22 individuals
with Alzheimer’s disease was compared to serum amounts of aromatic amino acids by
Leblhuber et al. (2015). Increased fecal calprotectin concentrations are linked to impaired
intestinal barrier function in Alzheimer’s patients [106].

6.1.3. Leaky Gut and Leaky Brain

The mucus layer, intestinal epithelium, and lamina propria [107] form the intesti-
nal barrier, protecting the body from pathogenic germs and preventing toxic particles,
chemicals, bacteria, and other health-threatening organisms from entering the blood-
stream. The makeup of the microbiota influences the permeability of the mucus layer [108].
The multitude of mucin-degrading bacteria Akkermansia muciniphila improves the gut
barrier function and systemic inflammation [109]. Changes in tight junctions are medi-
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ated by pathogenic E. coli strains, Salmonella, Shigella, Helicobacter pylori, Vibrio, or
Clostridium [110]. Increased intestinal permeability, often known as leaky gut, is caused
by problems with the tight junctions’ competence. By cleaving E-cadherin (a cell adhesion
molecule), Bacteroides fragilis exotoxin disrupts adherence junctions [111]. Disruption in
gut homeostasis negatively impacts gut permeability by lowering beneficial substances,
such as SCFAs and H2, and increasing harmful substances, such as LPS, amyloids, and
TMAO, making the intestinal mucosal barrier permeable, activating peripheral immune
responses, and raising peripheral and central Oxidative Stress levels [112]. The BBB (blood–
brain barrier), which is made up of specialized brain endothelial cells, astrocytes, and
pericytes, is a highly selective semipermeable boundary [113]. The BBB integrity is crit-
ical for brain growth and function. According to recent research, a variety of chemicals
can compromise the BBB, allowing molecules, such as protein, viruses, and even bacteria
to enter the brain and endanger brain health (Welling et al., 2015) (Table 1). The BBB’s
structural and functional breakdown may be an early and crucial phase in the etiology
of Alzheimer’s disease [114]. Pro-inflammatory and cytotoxic events result from a de-
position in the vasculature, contributing to increased BBB permeability in the AD brain
(Roher et al., 2003, Carrano et al., 2011, Erickson and Banks, 2013). TJs are disrupted by
Aβ1-42 oligomers, which suppress the expression of ZO-1, claudin-5, and occludin while
promoting the production of matrix metalloproteases (MMP)-2 and MMP-9. It also binds to
the RAGE receptor and causes the formation of ROS, which disrupts TJs and compromises
BBB integrity (Carrano et al., 2012). Tau may also induce BBB degeneration, according
to in vitro studies and transgenic mice tauopathy models. Both tau and Aβ may, thus,
contribute to the breakdown of the BBB, exacerbating the neurodegenerative process and
the inflammatory reactions that accompany it [114].

Table 1. Various studies show alteration in gut microbiota in various neurodegenerative disorders.

Neurodegenerative
Disease Study Experimental

Subject Control Method Dysbiosis/Result Ref

Alzhiemer’s
Disease Liang et al. (2016) APP/PS1

transgenic mice
C57/Bl6 wild-type

(WT)
16S rRNA

sequencing ↓Odoribacter, ↑Helicobacter [94]

Vogt et al. (2017) Fecal samples from
AD (n = 25)

sex-matched
Control participants

(n = 25)

16S rRNA
sequencing

Firmicutes, Bifidobacterium↓,
Bacteroidetes↑ [115]

Zhang et al.
(2017)

APP/PS1
transgenic male

mice

Age and
weight-matched
littermate mice
wild-type (WT)

16S rRNA
sequencing

microbiota composition and
diversity were perturbed and

the level of SCFAs ↓in AD mice
[116]

Cattaneo et al.
(2017)

Cognitively
impaired patients

with (n = 40, Amy+)
and with no brain

amyloidosis
(n = 33, Amy−)

Without brain
amyloidosis and

cognitive
impairment

(n = 10)

Microbial DNA
qPCR assay

Amy+—↑pro-inflammatory
cytokines (IL-6, CXCL2, NLRP3,

and IL-1β)
↓anti-inflammatory cytokine

(IL-10)
Amy+—↓E. rectale and ↑

Escherichia/Shigella

[103]

Zhuang et al.
(2018)

Fecal samples-
AD patients

age- and
gender-matched

cognitively
normal controls

16S rRNA
sequencing

At family level- ↑
Ruminococcaceae and ↓

Lachnospiraceae
[117]

Bauerl et al.
(2018)

APP/PS1
transgenic mice C57/B16 (WT) 16S rRNA

sequencing
↑ Proteobacteria and
Erysipelotrichaceae [118]

Honarpisheh et al.
(2020)

Symptomatic
Tg2576 mice

age-matched
littermate WT

16S rRNA
sequencing

↑↑Firmicutes and Bacteroidetes
↑ Lactobacillus [119]

Parkinson Disease Cilia et al. (2020)
Fecal samples

of PD pt.
(n = 39)

16S rRNA
sequencing

↓Roseburia (Firmicutes
phylum) -worse evolution of

motor, non-motor and
cognitive functions
↓Ruminococcaceae and
Actinobacteria- rapid
worsening of global
cognitive functions

[120]
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Table 1. Cont.

Neurodegenerative
Disease Study Experimental

Subject Control Method Dysbiosis/Result Ref

Tan et al. (2020)
Fecal samples

of PD pt.
(n = 104)

Control
(n = 96)

16S rRNA gene
sequencing

PD- ↓ SCFA (a/w poorer
cognition and low BMI) and ↓
butyrate (a/w worse postural

instability–gait disorder scores)

[121]

Nishiwaki et al.
(2020)

Patients with PD
(n = 223)

Control
(n = 137)

16S rRNA gene
sequencing

PD- ↑ Akkermansia and
Catabacter (genera) and

Akkermansiaceae (family).
↓ Roseburia, Faecalibacterium,

and Lachnospiraceae
ND3007 (genera)

[122]

Heinzel et al.
2020)

Stool sample
PD pt.

(n = 666)
Healthy Control

PD- ↓ Firmicutes and
Faecalibacterium,
↑ Prevotella

[123]

Shen et al. (2021) Fifteen
case–control studies meta-analysis

PD- ↓ Prevotellaceae,
Faecalibacterium, and

Lachnospiraceae
↑ Bifidobacteriaceae,
Ruminococcaceae,

Verrucomicrobiaceae, and
Christensenellaceae

[124]

Vascellari et al.
(2021)

PD patients (n = 56)
(TD = Tremor
Dominant-19;

AR = Akinetic Rigid-23;
D = Dyskinetic-14)

16S next-generation
sequencing and gas
chromatography-mass

spectrometry

↓ Lachnospiraceae, Blautia,
Coprococcus, Lachnospira, and
↑ in Enterobacteriaceae,

Escherichia and Serratia linked
to non-TD subtypes

[125]

Multiple Sclerosis Saresella et al.
(2020)

MS pt.
(n = 38)

Healthy Controls
(HC)

↓BA producers,
↑mucin-degrading,

pro-inflammatory components
BA/CA ratio was significantly
↓in MS (ratio: 0.9) compared to

HC (ratio: 5; p < 0.0001).
BA = Butyric acid
CA = Caproic acid

[126]

ALS Mazzini et al.
(2018)

ALS patients
(n = 50)

Healthy controls
(n = 50) PCR ↑E. coli and enterobacteria

↓total yeast in patients [127]

Gioia et al. (2020) ALS
(n = 50)

50 HC
(n = 50)

PCR
16S next-generation

sequencing

An unbalance between
potentially protective microbial
groups, such as Bacteroidetes,

and other with potential
neurotoxic or pro-inflammatory
activity, such as Cyanobacteria,

has been shown

[128]

6.2. Parkinson’s Disease

Parkinson’s disease (PD) is the world’s second most prevalent neurodegenerative
illness, characterized by an aberrant buildup of α-synuclein fibrils known as Lewy bodies
(LBs) in dopaminergic neurons in the substantia nigra (SN) [129]. It has a global incidence
of 10–50 per 100,000 people per year and a prevalence of 100–300 per 100,000 people, with
the number of persons with PD anticipated to double by 2030 owing to global population
aging [130]. Increased intestinal permeability and systemic exposure of bacterial endotoxins
are caused by changes in the gut microbiota, which causes excess α-syn expression and
supports its misfolding to generate LBs. The intestinal LBs will enter the CNS via the
vagal nerve and eventually travel to and destroy the substantia nigra [131], resulting in
the formation of clinical signs of Parkinson’s disease, such as tremors, stiffness, balance
issues, and loss of spontaneous movement (akinesia). Constipation is the most prevalent
premotor sign in Parkinson’s disease, involving more than 70% of individuals and advanc-
ing pathogenesis more than 10 years before clinical symptoms appear. As a result, the
symptom of constipation is considered a clinical biomarker for identifying prodromal PD
(Berg et al., 2015) [132]. In individuals with PD, there was a significant drop in numerous
gut microbiota metabolic products, which might lead to constipation. When intestinal in-
fection was present, a higher vulnerability to PD was reported, which might trigger PD-like
symptoms. In a mouse model, PD-derived gut microbiota might exacerbate α-synuclein-
mediated motor impairments and brain disease, whereas germ-free mice displayed milder
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α-synuclein pathology (Sampson et al., 2016) [133]. The microbiome-related changes in PD
are discussed in Table 1.

6.3. Multiple Sclerosis (MS)

MS is a chronic autoimmune illness in which immune cells target the myelin sheath,
causing demyelination and axonal loss, which leads to paralysis since myelin permits
electric impulses to flow through neurons [134]. Despite multiple risk variables implicated
in the development of autoimmune diseases, the gut microbiome is thought to be the most
important environmental risk factor for MS [135]. MS patients had a lower number of
Faecalibacterium, Eubacterium rectale, Corynebacterium, and Fusobacteria, and a higher
proportion of Escherichia, Shigella, Clostridium, and Firmicutes compared to healthy con-
trols [136,137]. The most extensively used animal model that matches the characteristics of
MS in humans is EAE (Experimental Autoimmune Encephalomyelitis). EAE is not induced
in GF mice, suggesting that the gut microbiota is essential for EAE induction. Oral therapy
with ampicillin, vancomycin, neomycin, sulfate, and metronidazole produced a similar
response, with a delay in the beginning and reduction in the severity of the illness, as
well as lower levels of pro-inflammatory cytokines and higher levels of interleukin IL-10
and IL-13 [138]. Lipid 654 is expressed in considerably reduced quantities in the blood
of MS patients compared to both healthy persons and those with Alzheimer’s disease,
according to Farrokhi et al. (2013) [139]. Probiotics (IRT5 including Lactobacillus casei, Lac-
tobacillus acidophilus, Lactobacillus reuteni, Bifidobacterium bifidum, and Streptococcus
thermophilus) were given before the induction of EAE, which led to a delayed start and
milder duration of the disease [140]. Dysbiosis in MS is further described in Table 1.

6.4. Amyotrophic Lateral Sclerosis (ALS)

ALS is a deadly neurodegenerative disease that affects the neurons of the brain and
spinal cord, resulting in the premature death of motor neurons [141]. Because of respiratory
paralysis, the majority of ALS patients die within 3 to 5 years [142]. A number of studies
have discovered indications of abnormalities in the gut microbiota in people with amy-
otrophic lateral sclerosis. Using an ALS animal model, Wu et al. (2015) discovered that tight
junction structure was disrupted and intestinal permeability was enhanced. Gut dysbiosis
has also been seen in ALS mice, with lower numbers of butyrate-producing bacteria, such
as Butyrivibrio fibrisolvens and E. coli [143]. Fang et al. (2016) discovered a decreased Fir-
micutes/Bacteroidetes ratio, a large reduction in the genera Anaerostipes, Oscillibacter, and
Lachnospiraceae (beneficial bacteria), and a significant rise in glucose metabolizing Dorea in
ALS patients [144]. Using an ALS mouse model and a diet supplemented with 2% butyrate
in drinking water, Zhang et al. found that intestinal microbial equilibrium was restored, gut
integrity was enhanced, and life duration was extended as compared to control mice [145].
Further studies related to microbiota and ALS are discussed in Table 1.

7. Effect of Prebiotic, Probiotic, Synbiotic, and Psychobiotic Supplementation on Gut
Microbiota and Associated Disorders

Prebiotics are substrates that are “selectively used by host bacteria, imparting a health
advantage”. They are made up of non-digestible fibers, such as oligosaccharides, that
operate as a particular substrate for probiotics in the GI tract, promoting growth and
improving function [146]. Probiotics are “live bacteria that bestow a health benefit on
the host when supplied in suitable amounts” [147]. Synbiotic refers to a probiotic and
prebiotic combination. Probiotics and prebiotics have been shown to have a beneficial
impact in the prevention of Alzheimer’s disease, Parkinson’s disease, depression, autism
spectrum disorders, and other neurological and mental diseases [148]. The terminology
“psychobiotics” was invented to explain probiotics and/or prebiotics therapeutic effects on
mental health through immunological, humoral, neuronal, and metabolic pathways. [149].
“The excretion of acids (lactate, acetate), competition for nutrients and gastrointestinal
receptor sites, immunomodulation, and the creation of specialized antimicrobial agents”
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are among the mechanisms of victorious probiotics [150]. Tsilingiri et al. define postbiotics
as “any molecule released by or created through the metabolic activity of the microbe that
has a favorable impact on the host, either directly or indirectly” [151]. The effect of various
prebiotic, probiotic, and synbiotic formulations on neurological disorders in animal models
can be seen in Table 2. Despite this wealth of knowledge, the real benefits of probiotics and
prebiotics are largely unknown, and when research is compared, there are several gaps and
disparities. Human studies are needed to improve the composition of the flora in specific
patient groups, as well as the efficacy and safety of probiotics and prebiotics [148].

Table 2. Effect of pre-biotics and probiotics on various neurological disorders.

Disease Study Study Design Experimental
Subject Time Probiotic/Prebiotic/

Psychobiotic Effect Ref.

ASD Grimaldi et al.
(2018) RCT

prebiotic
n = 13;

placebo
n = 13

6 wk Prebiotic: Bimuno
Galacto-oligosaccharide

↑Lachnospiraceae family,
improvements in

anti-social behavior,
significant changes in faecal

and urine metabolites

[152]

Liu et al. (2019) RCT n = 80, boys with
ASD, aged 7–15 4 wk Probiotic:Lactobacillus

plantarum PS128
Improve opposition/
defiance behaviors [153]

Sanctuary et al.
(2019) RCT

n = 8, ages 2–11
with ASD and GI

co-morbidities
12 wk

Bovine colostrum product
(BCP)+ Bifidobacterium
infantis (5 wk-prebiotic-
probiotic combination
2 wk-washout period
5 wk-only prebiotic

↓GI symptoms and aberrant
behaviors
↓ IL-13 and

TNF-α production

[154]

Wang et al.
(2020)

16S rRNA gene
sequencing

n = 26, ASD pt.
Probiotic + FOS

(n = 16)
Placebo (n = 10)
FOS = Fructo-

oligosacchrides

30–108 days

probiotics + FOS: B.infantis
Bi-26, L.rhamnosus HN001,
B.lactis BL-04, L. paracasei

LPC-37 and FOS

↑Bifidobacteriales and
B. longum
↓ Clostridium

↓severity of autism and
GI symptoms

↓acetic acid, propionic acid
and butyric acid
↑serotonin and
↓homovanillic acid

[155]

AD Akbari et al.
(2016) RCT

n = 60; probiotic
(n = 30); placebo

(n = 30)
12 wk

Probiotic:
Lactobacillus acidophilus,
Lactobacillus fermentum,
Lactobacillus casei, and

Bifidobacterium bifidum

Significant improvement in
the MMSE score [156]

Kobayashi et al.
(2019) RCT n = 121 12 wk Bifidobacterium breve A1

Beneficial effect on the
cognitive function of

older people
[157]

Ton et al. (2019) n = 13 AD pt. 90 days kefir synbiotic

Improves cognitive deficits,
↓markers of inflammation
and oxidative stress (·O2 –,
H2O2, and ONOO−, ~30%)
↑in NO bioavailability (100%)

[158]

Kaur et al. (2020) AppNL-G-F mice 2 months probiotic Improved memory,
↓ plaque load and gliosis [159]

Bonfili et al.
(2020)

3xTg-AD
Eight-week-old
AD male mice

(n = 48)

SLAB51 probiotic:
Streptococcus thermophilus,

Bifidobacterium lactis,
B. lactis, Lactobacillus

acidophilus, Lactobacillus
helveticus, Lactobacillus
paracasei, Lactobacillus

plantarum, and
Lactobacillus brevis

Memory improvement,
↓accumulation of advanced
glycation end products and

↓phosphorylated
tau aggregates,

[160]

Lee et al. (2021) Mouse model Prebiotic:lactulose and
trehalose

Attenuated the short-term
memory and the cognitive

impairment of AD mice
[161]

Cao et al. (2021) 16S rRNA gene
sequencing

4-month old
APP/PS1 mice 45 days Bifidobacterium

Lactis Probio-M8

↓ Aβ plaque
Improve cognitive

impairment
[162]

PD Barichella et al.
(2016) (n = 120) PD pt.

Fermented milk
containing probiotics

and prebiotics

Improve constipation
in PD pt. [163]
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8. Boron as a Neuroprotective Agent

Boron (atomic number 5) is a nonmetallic solid member of group 13 of the periodic
table. A vital mineral may be found in both food and the environment. Boron is essential
for the activity of several metabolic enzymes, as well as the metabolism of steroid hormones
and a variety of micronutrients, such as calcium, magnesium, and vitamin D [164]. In
addition, it is important for the growth and maintenance of bone, reduction in inflammatory
biomarkers, such as high-sensitivity C-reactive protein (hs-CRP) and tumor necrosis factor α
(TNF-α), increases the levels of antioxidant enzymes, such as superoxide dismutase (SOD),
catalase, and glutathione peroxidase, enhances electrical activity in the brain, cognitive
performance, and short-term memory in the elderly, is effective in preventing and treating
malignancies, such as prostate, cervix, and lung cancers [165]. Since 2003, bortezomib
(Velcade), a proteasome inhibitor with in vitro and in vivo action against a range of tumors,
has been utilized in clinical trials to treat malignant cancers (Figure 6) [166].
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The approval of Velcade as a proteasome inhibitor causes interest in boronic acids in
medicinal chemistry, which further lead to the discovery of two other drugs ixazomib and
vaborbactam. Ixazomib approved by FDA in 2015 is used for the treatment of multiple
myeloma. Vaborbactam approved by FDA in 2017 is a β-lactamase inhibitor, and has been
used in combination with antibiotics for the treatment of urinary infections. Benzoxaborole
containing drugs, Tavaborole and Crisaborole, has been approved by FDA in 2014 and 2017
and are used for the treatment of onychomycosis and Eczema, respectively [167–169].

Some boron-containing substances have also been reported to inhibit the phosphodi-
esterase 4 enzyme (PDE4) and inflammation-related cytokine release, both of which have
been linked to improved cognition in aging and Alzheimer’s disease [170].

Boron in Diet—In 1904, Wiley found that consuming more than 500 mg/day
(77 mg boron per day) of boric acid for 50 days caused abnormalities in appetite, digestion,
and health, and he concluded that 4000 mg/day (699 mg boron per day) was the maximum
beyond which a normal man could not go without injury. Following his research, the notion
that boron represented a health danger gained traction [171]. Many countries throughout
the world began prohibiting the addition of borates to food by the mid-1920s, although
these prohibitions were loosened during World War II. Restrictions were gradually re-
imposed after the war. The belief that boron had little nutritional value in higher animals or
humans began to alter in the early 1980s. This was the year when a study found that boron
deficiency increased gross bone deformities in chicks given low doses of vitamin D [172].
Boron is a mineral that can be found in leafy green foods, such as kale and spinach. Grains,
prunes, raisins, noncitrus fruits, and nuts all contain it. The average person’s daily diet
contains 1.5 to 3 milligrams (mg) of boron. Apples, coffee, dry beans, milk, and potatoes
are the five most prevalent sources of boron in a person’s daily diet. Boron intakes of
1–3 mg/day have been shown to improve bone and brain health in adults when compared
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to intakes of 0.25–0.50 mg/day [173]. The right amount of boron can help to create the
intestinal organizational structure, which improves gastrointestinal absorption [173].

Adult frog males that were deficient in boron had atrophied testes, lower sperm
counts, and sperm dysmorphology. Female frogs had atrophied ovaries, and oocyte
maturation was hindered. Boron deficiency resulted in a significant rise in necrotic eggs, as
well as a high incidence of aberrant gastrulation characterized by yolk hemorrhage and
exogastrulation [174].

Boron and Microbiome—Evariste et al. used boron nitride nanotubes (BNNT), which
comprise hexagonal-boron nitride and boron, in their experiment. Multiple endpoints
in the tadpoles, as well as bacterial populations associated with the host intestine were
measured after the exposure. BNNT exposure boosted the tadpoles’ growth and it was also
linked to gut microbiome remodeling, with taxa from the phylum Bacteroidetes benefiting.
The findings support the conclusion that BNNT are biocompatible, as evidenced by the
absence of harmful effects from the nanomaterials studied [175].

According to the findings of Wang et al. [176] the superabsorbent resin with boron
(SARB) can boost bacterial community diversity in maize straw. Proteobacteria were found
responsible for the absolute advantage of the bacterial population in the peat substrate
and maize straw groups in 10 treatments. The superabsorbent resin with boron (SARB)
synthesized in the laboratory, on the other hand, cannot change the original structure of the
bacterial community and has a little toxic effect on the bacterial community in both peat sub-
strate and maize straw, and, has an enhancing effect on Proteobacteria and Actinobacteria
and a waning effect on Acidobacteria and Firmicutes to some extent [176]. These exam-
ples [175,176] clearly demonstrate the role of boron in modulating microbiome physiology.

Boron as an anti-inflammatory agent—Boron has been shown to lower the levels of
inflammatory biomarkers in several studies. A considerable increase in plasma boron con-
centrations occurred 6 h following supplementation with 11.6 mg of boron, together with
significant decreases in hs-CRP and TNF-α levels, in a recent human experiment, including
healthy male volunteers. One week of 10 mg/d boron supplementation resulted in a
20% reduction in TNF-α, from 12.32 to 9.97 pg/mL, as well as significant reductions (nearly
50%) in plasma concentrations of hs-CRP, from 1460 to 795 ng/mL, and IL-6, from 1.55 to
0.87 pg/mL [177]. Boron reduces the synthesis and activity of serine protease enzymes im-
plicated in the inflammatory response, according to animal experiments in which rats with
induced arthritis benefited from orally or intraperitoneally supplied boron [178]. Calcium
fructoborate a naturally occurring, plant-based boron-carbohydrate complex—has been
demonstrated to have anti-inflammatory effects on cellular cultures, an open-label pilot
research indicated that calcium fructoborate had highly beneficial effects on Osteoarthri-
tis (OA) symptoms [179]. Scorei and colleagues then conducted a double-blind study in
middle-aged patients with primary OA to see how different doses of calcium fructoborate
affected systemic inflammation and dyslipidemia indicators. They found that all groups
except the placebo group saw a reduction in inflammatory biomarkers CRP, fibrinogen
(FBR), and erythrocyte sedimentation rate (ESR) after 15 days of food supplementation
with calcium fructoborate [180].

Boron in Neurodegenerative Disorders—Nutritional intakes of boron have been
shown to have favorable benefits on central neurological function, but the evidence is less
conclusive than in the case of bone. They are, nevertheless, among the most receptive
to the idea that boron is a healthy bioactive element for humans. Even though boron
compounds have strong immunomodulatory properties, only a few research have looked
at their potential to cure neurological illnesses like Alzheimer’s or Parkinson’s disease.

As we have already discussed, Alzheimer’s disease (AD) is characterized by amyloid
(Aβ) aggregation, hyperphosphorylated tau, neuroinflammation, and memory impairment.
Using in vitro and in vivo models of Alzheimer’s disease, Maiti et al. compared the
therapeutic effects of trans-2-phenyl-vinyl-boronic-acid-MIDA-ester (TPVA) (1) and trans-
beta-styryl-boronic-acid (TBSA) (2) (Figure 7). They found that TBSA prevented Aβ42
aggregation and enhanced cell survival more efficiently than TPVA. The benefits of TBSA
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were extended to C. elegans expressing Aβ42 and the 5xFAD animal model of Alzheimer’s
disease and it was seen that TBSA prevented recognition- and spatial-memory deficits, and
reduced the number of pyknotic and degenerative cells, GFAP levels, and Aβ plaques [181].
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The findings of Maiti et al. (2020) back up those of Penland, who discovered that
dietary boron intake significantly improves brain function and cognitive functioning in
humans. Similarly, electroencephalograms showed that boron pharmacological interven-
tion after boron deficiency improved functioning in older men and women, such as less
drowsiness and mental alertness, better psychomotor skills (for example, motor speed
and dexterity), and better cognitive processing (e.g., attention and short-term memory).
In a separate study, Nielsen and Penland found that boron deficiency in rats reduced the
number, distance, and time of horizontal movements, front entry, margin distance, and
vertical breaks and jumps in spontaneous activity evaluations when compared to rats given
boron supplementation [182]. These findings back up prior study, indicating that boron
compounds can help with both impaired recognition and spatial memory problems.

Lu and colleagues (2012) identified a series of boron-containing compounds that act
as Aβ aggregation inhibitors (3), antioxidants, and metal chelators in the treatment of
Alzheimer’s disease [183]. Curcumin is currently being studied for its potential to treat a
variety of cancers, as well as to prevent neuronal damage in Alzheimer’s disease. However,
due to its low stability and solubility in aqueous solutions, its clinical utility is limited.
Thus, Azzi et al. proposed a completely new class of boronated monocarbonyl analogues
of Curcumin (4) (BMAC), in which a carbonyl group replaced the Curcumin β-diketone
activity, and one of the two phenolic rings is replaced by an ortho-carborane (an icosahedral
boron cluster). Furthermore, the effectiveness of BMAC (4) in inhibiting the development
of amyloid aggregates was tested, and it was discovered that a compound that includes two
OH moieties, outperforms Curcumin. The presence of a second -OH group can improve
the binding efficiency of the chemical with β-amyloid aggregates [182].

Studies have also shown that CRANAD-28 (5), a difluoroboron curcumin derivative,
may successfully identify amyloid-beta plaques for imaging both ex vivo and in vivo. The
imaging brightness of CRANAD-28 (5), as well as its ability to pass the blood–brain barrier
and low toxicity, making it a potentially useful imaging tool in Alzheimer’s research [183].
Given Alzheimer’s disease’s complex nature and pathophysiology, treatment techniques are
being developed to integrate the benefits of each single-target therapy into a single molecule.
Ritacca et al., using density functional theory, investigated the antioxidant property of
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boron as a radical scavenger and metal chelator. In aqueous and lipid settings, the most
feasible radical scavenger mechanisms, hydrogen transfer, radical adduct formation, and
single-electron transfer, were thoroughly investigated. The ability of metal chelation was
explored by looking at the complexation of Cu(II) ion, one of the metals that can even
catalyze the amyloid aggregation in excess [184].

Sorout and colleagues discovered that BN nanoparticles of various curvatures hinder
the peptide’s conformational transition to its β-sheet form, that plays a key role in the aggre-
gation and subsequent fibrillization of amyloid. This inhibition of β-sheet formation is by
stabilizing the helical structure of the peptide (BNNT with the highest surface curvature), by
making more favorable pathways available for transitions of the peptide to conformations
of random coils and turns (planar BNNS), showing that BN nanoparticles have the poten-
tial to act as effective tools to prevent amyloid formation from Aβ peptides [185]. Novel
boron-based compounds (BBCs) have been produced and tested as prospective candidates
for the development of new Alzheimer’s disease treatments (AD). Cacciatore et al. demon-
strated that a novel boron-based hybrid containing an antioxidant portion, i.e., BLA (6),
inhibited cell death induced by Aβ1-42-exposure, increased cell viability, counteracted
oxidative status, and inhibited acetylcholinesterase (AChE) (22.96% at 50 M), an enzyme
whose enzymatic activity is increased in Alzheimer’s patients. These findings suggest
that boron-based hybrids could be used to produce new medications for the treatment of
Alzheimer’s disease [186].

Jiménez-Aligaga and co-workers described a series of boronic acid and boronate esters
targeting pathways involved in pathogenesis of Alzheimer’s diseases. Compound 7 was
found to be more active and responsible for nerve cell dysfunction in neurological disorders.
Moreover, compound 7 enhanced the glutathione/glutathione disulfide (GSH/GSSG) ratio
due to an increased GSH level (32 nmol/ mg protein), which is important for neuroprotec-
tion against ROS production, with an IC50 of 2.85 µm [187].

Jung and team demonstrated chalcone-derived boronic acid fluorescent probes for the
detection of β-amyloid plaques in AD. Compound 8 displayed considerable enhancement
in fluorescence in the synthetic β-amyloid aggregates for their fluorescence responses.
Compound 8 efficiently binds to β-amyloid aggregates (KD = 0.79 ± 0.05 µm) due to the
presence of boronic acid and strongly stained the β-amyloid in the experimental mice.
Therefore, this study described boron-based compound could be a potential sensor to study
neuronal functions in AD [188].

ALS is a neurological disorder caused by a mutation in human gene that encodes for
secretory RNase angiogenin (ANG). A synthetic BA mask was reported by Hoang and
coworkers, that inhibits ribonucleolytic activity of ANG thus imparting neuroprotective
effect. Under normal physiological settings, compound 9 is inactive, but in the presence
H2O2 the boron–carbon link in PBA is oxidatively cleaved, releasing the active ANG
selectively in cells suffering from ROS-mediated damage [189].

In an experimental Parkinson’s disease model, Kucukdogru and colleagues found that
boron nitride nanoparticles protect neurons from MPP+ (1-methyl-4-phenylpyridinium)-
induced apoptosis. The use of hBNs, or hexagonal boron nitride nanoparticles, enhanced
cell survival in the PD model as compared to MPP+ treatment. Furthermore, after using
hBNs, antioxidant capacity increased while oxidant levels decreased. Finally, the findings
showed that hBNs have a great deal of potential against MPP+ toxicity and could be
employed as a novel neuroprotective agent and drug delivery method in the treatment of
Parkinson’s disease [190]. These findings back the theory that boron exerts neuroprotective
effects and is crucial for preserving the memory function.

Other Neuroprotective Agents
Apart from boron other neuroprotective agents are available in literature; some are

briefly discussed here. Curcumin is an anti-bacterial, anti-oxidant, anti-inflammatory,
and anti-tumoral polyphenol. Curcumin promotes beneficial bacterial strains, improves
intestinal barrier function, and reduces the development of pro-inflammatory mediators.
Curcumin therapy improved spatial learning and memory in APP/PS1 mice, a model of
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Alzheimer’s disease, suggesting its neuroprotective qualities [191,192]. Glutamate and
its receptors are important in synaptic plasticity, mechanism that underpins learning and
memory [193]. Therefore, disruption in their normal signaling plays a key role in a variety
of neuropathological disorders, including Alzheimer’s disease, Parkinson’s disease, and
schizophrenia, making them promising treatment targets [194]. Gut bacteria with gluta-
mate racemase, such as Corynebacterium glutamicum, Brevibacterium lactofermentum, and
Brevibacterium avium, can convert L-glutamate to D-glutamate, influencing the glutamate
NMDAR and perhaps improving cognition in Alzheimer’s and Parkinson’s disease pa-
tients. As a result, gut microbiota and glutamate could be used to develop innovative
dementia treatments [195].

Statin medication has been shown to alter the composition of the gut flora in recent
research. In HFD-fed C57BL/6 mice, rosuvastatin altered gut microbiota and greatly in-
creased the number of the family Lachnospiraceae, as well as the genera Rikenella and
Coprococcus [196]. Atorvastatin reduces the microglia-mediated neuroinflammation, pro-
motes intestinal barrier function by increasing protein levels of occludin and mucoprotein 2
and regulates the intestinal immune function by decreasing MCP-1, TNF-α, and increasing
IL-10. Furthermore, atorvastatin alters the microbial composition by elevating Firmicutes
and Lactobacillus and decreasing Bacteroidetes. It also decreases the amount of circulating
endotoxin such as lipopolysaccharide-binding protein, a biomarker for leaky gut [197].

9. Conclusions and Future Perspective

The microbiome has established itself as an important component of the gut–brain
axis, as well as a cornerstone in both health and illness. The gut–brain axis is a fron-
tier of area of research, and several studies have found that changes in gut microbiota
composition play a key role in the etiology of neurological illnesses, such as ASD, PD,
AD, MS, and ALS. Dysbiosis can promote neuroinflammation by increasing inflammatory
cytokines and bacterial metabolites, which can change gut and BBB permeability. The
use of therapeutic substances, such as prebiotics and probiotics, to alter the gut micro-
biota opens up a potentially promising technique for treating a variety of neurological
illnesses. The use of probiotics, prebiotics, and fecal microbiota transplantation resulting
from breakthroughs in gut microbiome research to restore the dysbiosis-associated illness
state’s, offers considerable potential as an alternative treatment approach in a variety of
symptomatic disease management. Accurate identification of critical microbiota members,
complex selection of microbial strains employed in probiotics, or different forms of pre-
biotics provided to selectively enumeration the ideal commensal have all added to the
hurdles of applying microbiome-based therapy to clinical practice in the future. Possible
applications of microbiome-based disease diagnosis, prognosis monitoring, prevention,
and treatments, which have the potential to revolutionize present disease management
and treatment methods, are certainly worth looking forward to. One area of medication
research that is garnering increased attention is the use of boron compounds, which are
being recommended as prospective treatments for lowering neuroinflammation and cog-
nitive deficits [198,199]. In addition, boron-based diet and boron chemicals will play a
significant role to improve dysbiosis and will open new windows for researchers in coming
years. In this quickly expanding field of study, it is likely that we’ve barely scratched the
surface, and the multiple techniques that have gotten us thus far will be visible in tackling
the fascinating challenges that lie frontwards.
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Abbreviations

GMBA—Gut Microbiota–Brain Axis; B—Boron; TLRs—Toll-like Receptors; MAMPs—Multiple
Microbe-Associated Molecular Patterns; NLRs—NOD-like receptors; AMPs—Anti-Microbial Pep-
tides; PRRs-Pattern-Recognition Receptors; Tregs—regulatory T cells; SIgA—Secretory IgA; SCFAs—
Short Chain Fatty Acids; GPR—G protein-coupled receptor; HDACs—histone deacetylases, IL—
interleukin; TNF-α-tumor necrosis factor-α; NF-kB—Nuclear Factor-kappa B subunit; BAs—Bile
Acids; 5-HT—5—hydroxytryptamine; ANS—autonomic nervous system; HPA-hypothalamic–pituitary–
adrenal; ACTH—adrenocorticotropic hormone; NeuN—neuronal nuclear protein; MBP—Myelin
basic protein; NOS1-Nitric Oxide Synthase 1; IGF-1—Insulin-like growth factor-1; IGFBP3—Insulin-
like growth factor (IGF) binding protein-3; TGF-β—Transforming growth factor beta; CD3+—Cluster
of differentiation 3; BT—Butyrae LPS—Lipopolysaccharide; TMAO—trimethylamine N-oxide; CNS—
central nervous system; ROS—Reactive oxygen species; iNOS—Inducible nitric oxide synthase;
NDPH—nicotinamide adenine dinucleotide phosphate; Aβ—amyloid beta; PGE2—Prostaglandin
E2; SOD—Superoxide Dismutase; APP—amyloid precursor protein; TMAO—trimethylamine N-
oxide; BBB—Blood–brain barrier; ZO-1—Zona Occludin; RAGE—Receptor for Advanced Glycation
Endproducts; TJs—Tight junction; GF—Germ free; RCT—randomized controlled trial; BN—Boron
Nitride; IC50—halfmaximal Inhibitory concentration.
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46. Karpiński, T.M.; Ożarowski, M.; Stasiewicz, M. Carcinogenic microbiota and its role in colorectal cancer development.
Semin. Cancer Biol. 2022. In Press. [CrossRef]

47. Duijster, J.W.; Franz, E.; Neefjes, J.; Mughini-Gras, L. Bacterial and Parasitic Pathogens as Risk Factors for Cancers in the
Gastrointestinal Tract: A Review of Current Epidemiological Knowledge. Front. Microbiol 2021, 12, 790256. [CrossRef]

48. Carabotti, M.; Scirocco, A.; Maselli, M.A.; Severi, C. The gut-brain axis: Interactions between enteric microbiota, central and
enteric nervous systems. Ann. Gastroenterol. Q. Publ. Hell. Soc. Gastroenterol. 2015, 28, 203.

49. Bonaz, B.; Bazin, T.; Pellissier, S. The vagus nerve at the interface of the microbiota-gut-brain axis. Front. Neurosci. 2018, 12, 49.
[CrossRef]

50. Martin, C.R.; Osadchiy, V.; Kalani, A.; Mayer, E.A. The brain-gut-microbiome axis. Cell. Mol. Gastroenterol. Hepatol. 2018, 6,
133–148. [CrossRef]

51. Santos, J.; Saperas, E.; Nogueiras, C.; Mourelle, M.; Antolín, M.; Cadahia, A.; Malagelada, J.R. Release of mast cell mediators into
the jejunum by cold pain stress in humans. Gastroenterology 1998, 114, 640–648. [CrossRef]

52. Saunders, P.R.; Santos, J.; Hanssen, N.P.; Yates, D.; Groot, J.A.; Perdue, M.H. Physical and psychological stress in rats enhances
colonic epithelial permeability via peripheral CRH. Dig. Dis. Sci. 2002, 47, 208–215. [CrossRef]

53. Wang, H.-X.; Wang, Y.-P. Gut microbiota-brain axis. Chin. Med. J. 2016, 129, 2373. [CrossRef]
54. Farzi, A.; Fröhlich, E.E.; Holzer, P. Gut microbiota and the neuroendocrine system. Neurotherapeutics 2018, 15, 5–22. [CrossRef]
55. Gonzalez-Santana, A.; Heijtz, R.D. Bacterial peptidoglycans from microbiota in neurodevelopment and behavior. Trends Mol. Med.

2020, 26, 729–743. [CrossRef]
56. Catalá-López, F.; Ridao, M.; Hurtado, I.; Núñez-Beltrán, A.; Gènova-Maleras, R.; Alonso-Arroyo, A.; Tobías, A.; Aleixandre-Benavent, R.;

Catalá, M.A.; Tabarés-Seisdedos, R. Prevalence and comorbidity of autism spectrum disorder in Spain: Study protocol for a
systematic review and meta-analysis of observational studies. Syst. Rev. 2019, 8, 141. [CrossRef]

57. Dinan, T.G.; Cryan, J.F. Gut instincts: Microbiota as a key regulator of brain development, ageing and neurodegeneration.
J. Physiol. 2017, 595, 489–503. [CrossRef]

58. Heijtz, R.D.; Wang, S.; Anuar, F.; Qian, Y.; Björkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.; Pettersson, S. Normal gut
microbiota modulates brain development and behavior. Proc. Natl. Acad. Sci. USA 2011, 108, 3047–3052. [CrossRef]

59. Luczynski, P.; Whelan, S.O.; O’Sullivan, C.; Clarke, G.; Shanahan, F.; Dinan, T.G.; Cryan, J.F. Adult microbiota-deficient mice
have distinct dendritic morphological changes: Differential effects in the amygdala and hippocampus. Eur. J. Neurosci. 2016, 44,
2654–2666. [CrossRef]

60. Hoban, A.E.; Stilling, R.M.; Ryan, F.J.; Shanahan, F.; Dinan, T.G.; Claesson, M.J.; Clarke, G.; Cryan, J.F. Regulation of prefrontal
cortex myelination by the microbiota. Transl. Psychiatry 2016, 6, e774. [CrossRef]

61. Lu, J.; Lu, L.; Yu, Y.; Cluette-Brown, J.; Martin, C.R.; Claud, E.C. Effects of intestinal microbiota on brain development in
humanized gnotobiotic mice. Sci. Rep. 2018, 8, 5443. [CrossRef] [PubMed]

62. Sharon, G.; Cruz, N.J.; Kang, D.-W.; Gandal, M.J.; Wang, B.; Kim, Y.-M.; Zink, E.M.; Casey, C.P.; Taylor, B.C.; Lane, C.J. Human
gut microbiota from autism spectrum disorder promote behavioral symptoms in mice. Cell 2019, 177, 1600–1618.e17. [CrossRef]
[PubMed]

63. De Palma, G.; Lynch, M.D.; Lu, J.; Dang, V.T.; Deng, Y.; Jury, J.; Umeh, G.; Miranda, P.M.; Pastor, M.P.; Sidani, S. Transplantation of
fecal microbiota from patients with irritable bowel syndrome alters gut function and behavior in recipient mice. Sci. Transl. Med.
2017, 9, eaaf6397. [CrossRef] [PubMed]

64. Sauer, A.K.; Bockmann, J.; Steinestel, K.; Boeckers, T.M.; Grabrucker, A.M. Altered intestinal morphology and microbiota
composition in the autism spectrum disorders associated SHANK3 mouse model. Int. J. Mol. Sci. 2019, 20, 2134. [CrossRef]

65. Samsam, M.; Ahangari, R.; Naser, S.A. Pathophysiology of autism spectrum disorders: Revisiting gastrointestinal involvement
and immune imbalance. World J. Gastroenterol. WJG 2014, 20, 9942. [CrossRef]

66. Fakhoury, M. Autistic spectrum disorders: A review of clinical features, theories and diagnosis. Int. J. Dev. Neurosci. 2015, 43,
70–77. [CrossRef]

67. Berding, K.; Donovan, S.M. Microbiome and nutrition in autism spectrum disorder: Current knowledge and research needs.
Nutr. Rev. 2016, 74, 723–736. [CrossRef]

68. Angelidou, A.; Asadi, S.; Alysandratos, K.-D.; Karagkouni, A.; Kourembanas, S.; Theoharides, T.C. Perinatal stress, brain
inflammation and risk of autism-review and proposal. BMC Pediatrics 2012, 12, 89. [CrossRef]

69. Bresnahan, M.; Hornig, M.; Schultz, A.F.; Gunnes, N.; Hirtz, D.; Lie, K.K.; Magnus, P.; Reichborn-Kjennerud, T.; Roth, C.;
Schjølberg, S. Association of maternal report of infant and toddler gastrointestinal symptoms with autism: Evidence from a
prospective birth cohort. JAMA Psychiatry 2015, 72, 466–474. [CrossRef]

70. Finegold, S.M.; Dowd, S.E.; Gontcharova, V.; Liu, C.; Henley, K.E.; Wolcott, R.D.; Youn, E.; Summanen, P.H.; Granpeesheh, D.;
Dixon, D. Pyrosequencing study of fecal microflora of autistic and control children. Anaerobe 2010, 16, 444–453. [CrossRef]

71. Gilbert, J.A.; Blaser, M.J.; Caporaso, J.G.; Jansson, J.K.; Lynch, S.V.; Knight, R. Current understanding of the human microbiome.
Nat. Med. 2018, 24, 392–400. [CrossRef]

72. Ibrahim, S.H.; Voigt, R.G.; Katusic, S.K.; Weaver, A.L.; Barbaresi, W.J. Incidence of gastrointestinal symptoms in children with
autism: A population-based study. Pediatrics 2009, 124, 680–686. [CrossRef]

73. Sun, J. Vitamin D and mucosal immune function. Curr. Opin. Gastroenterol. 2010, 26, 591. [CrossRef]

http://doi.org/10.1016/j.semcancer.2022.01.004
http://doi.org/10.3389/fmicb.2021.790256
http://doi.org/10.3389/fnins.2018.00049
http://doi.org/10.1016/j.jcmgh.2018.04.003
http://doi.org/10.1016/S0016-5085(98)70577-3
http://doi.org/10.1023/A:1013204612762
http://doi.org/10.4103/0366-6999.190667
http://doi.org/10.1007/s13311-017-0600-5
http://doi.org/10.1016/j.molmed.2020.05.003
http://doi.org/10.1186/s13643-019-1061-1
http://doi.org/10.1113/JP273106
http://doi.org/10.1073/pnas.1010529108
http://doi.org/10.1111/ejn.13291
http://doi.org/10.1038/tp.2016.42
http://doi.org/10.1038/s41598-018-23692-w
http://www.ncbi.nlm.nih.gov/pubmed/29615691
http://doi.org/10.1016/j.cell.2019.05.004
http://www.ncbi.nlm.nih.gov/pubmed/31150625
http://doi.org/10.1126/scitranslmed.aaf6397
http://www.ncbi.nlm.nih.gov/pubmed/28251905
http://doi.org/10.3390/ijms20092134
http://doi.org/10.3748/wjg.v20.i29.9942
http://doi.org/10.1016/j.ijdevneu.2015.04.003
http://doi.org/10.1093/nutrit/nuw048
http://doi.org/10.1186/1471-2431-12-89
http://doi.org/10.1001/jamapsychiatry.2014.3034
http://doi.org/10.1016/j.anaerobe.2010.06.008
http://doi.org/10.1038/nm.4517
http://doi.org/10.1542/peds.2008-2933
http://doi.org/10.1097/MOG.0b013e32833d4b9f


Molecules 2022, 27, 3402 25 of 29

74. Srikantha, P.; Mohajeri, M.H. The possible role of the microbiota-gut-brain-axis in autism spectrum disorder. Int. J. Mol. Sci. 2019,
20, 2115. [CrossRef]

75. Vuong, H.E.; Hsiao, E.Y. Emerging roles for the gut microbiome in autism spectrum disorder. Biol. Psychiatry 2017, 81, 411–423.
[CrossRef] [PubMed]

76. Ashwood, P.; Wakefield, A.J. Immune activation of peripheral blood and mucosal CD3+ lymphocyte cytokine profiles in children
with autism and gastrointestinal symptoms. J. Neuroimmunol. 2006, 173, 126–134. [CrossRef] [PubMed]

77. Ashwood, P.; Anthony, A.; Torrente, F.; Wakefield, A.J. Spontaneous mucosal lymphocyte cytokine profiles in children with autism
and gastrointestinal symptoms: Mucosal immune activation and reduced counter regulatory interleukin-10. J. Clin. Immunol.
2004, 24, 664–673. [CrossRef] [PubMed]

78. MacFabe, D.F. Enteric short-chain fatty acids: Microbial messengers of metabolism, mitochondria, and mind: Implications in
autism spectrum disorders. Microb. Ecol. Health Dis. 2015, 26, 28177. [CrossRef]

79. Liu, S.; Li, E.; Sun, Z.; Fu, D.; Duan, G.; Jiang, M.; Yu, Y.; Mei, L.; Yang, P.; Tang, Y. Altered gut microbiota and short chain fatty
acids in Chinese children with autism spectrum disorder. Sci. Rep. 2019, 9, 287. [CrossRef]

80. Getachew, B.; Tizabi, Y. Antidepressant effects of moxidectin, an antiparasitic drug, in a rat model of depression. Behav. Brain Res.
2019, 376, 112220. [CrossRef]

81. Altieri, L.; Neri, C.; Sacco, R.; Curatolo, P.; Benvenuto, A.; Muratori, F.; Santocchi, E.; Bravaccio, C.; Lenti, C.; Saccani, M. Urinary
p-cresol is elevated in small children with severe autism spectrum disorder. Biomarkers 2011, 16, 252–260. [CrossRef]

82. Hsiao, E.Y.; McBride, S.W.; Hsien, S.; Sharon, G.; Hyde, E.R.; McCue, T.; Codelli, J.A.; Chow, J.; Reisman, S.E.; Petrosino, J.F.
Microbiota modulate behavioral and physiological abnormalities associated with neurodevelopmental disorders. Cell 2013, 155,
1451–1463. [CrossRef]

83. Jandhyala, S.M.; Talukdar, R.; Subramanyam, C.; Vuyyuru, H.; Sasikala, M.; Reddy, D.N. Role of the normal gut microbiota.
World J. Gastroenterol. WJG 2015, 21, 8787. [CrossRef]

84. Arnold, L.E.; Luna, R.A.; Williams, K.; Chan, J.; Parker, R.A.; Wu, Q.; Hollway, J.A.; Jeffs, A.; Lu, F.; Coury, D.L. Probiotics for
gastrointestinal symptoms and quality of life in autism: A placebo-controlled pilot trial. J. Child Adolesc. Psychopharmacol. 2019,
29, 659–669. [CrossRef]

85. Kang, D.-W.; Adams, J.B.; Gregory, A.C.; Borody, T.; Chittick, L.; Fasano, A.; Khoruts, A.; Geis, E.; Maldonado, J.;
McDonough-Means, S. Microbiota transfer therapy alters gut ecosystem and improves gastrointestinal and autism symptoms:
An open-label study. Microbiome 2017, 5, 10. [CrossRef]

86. Kang, D.-W.; Adams, J.B.; Coleman, D.M.; Pollard, E.L.; Maldonado, J.; McDonough-Means, S.; Caporaso, J.G.; Krajmalnik-Brown, R.
Long-term benefit of Microbiota Transfer Therapy on autism symptoms and gut microbiota. Sci. Rep. 2019, 9, 5821. [CrossRef]

87. Shabbir, U.; Arshad, M.S.; Sameen, A.; Oh, D.-H. Crosstalk between gut and brain in Alzheimer’s disease: The role of gut
microbiota modulation strategies. Nutrients 2021, 13, 690. [CrossRef]

88. Giacomeli, R.; Izoton, J.C.; Dos Santos, R.B.; Boeira, S.P.; Jesse, C.R.; Haas, S.E. Neuroprotective effects of curcumin lipid-core
nanocapsules in a model Alzheimer’s disease induced by β-amyloid 1-42 peptide in aged female mice. Brain Res. 2019, 1721,
146325. [CrossRef]

89. Agrawal, I.; Jha, S. Mitochondrial dysfunction and Alzheimer’s disease: Role of microglia. Front. Aging Neurosci. 2020, 12, 252.
[CrossRef]

90. Nandwana, V.; Kaur, J.; Singh, R.; Jaka, S.; Kaur, G.; Rawal, E.; Mathialagan, K.; Williams, O.C.A. Predictors of Hospitalization for
Manic Episode in Alzheimer’s Dementia: Inputs From an Inpatient Case-Control Study. Cureus 2021, 13, e17333. [CrossRef]

91. Palop, J.J.; Mucke, L. Network abnormalities and interneuron dysfunction in Alzheimer disease. Nat. Rev. Neurosci. 2016, 17,
777–792. [CrossRef]

92. Batista, C.R.A.; Gomes, G.F.; Candelario-Jalil, E.; Fiebich, B.L.; De Oliveira, A.C.P. Lipopolysaccharide-induced neuroinflammation
as a bridge to understand neurodegeneration. Int. J. Mol. Sci. 2019, 20, 2293. [CrossRef]

93. Zhan, X.; Stamova, B.; Sharp, F.R. Lipopolysaccharide associates with amyloid plaques, neurons and oligodendrocytes in
Alzheimer’s disease brain: A review. Front. Aging Neurosci. 2018, 10, 42. [CrossRef]

94. Zhao, J.; Bi, W.; Xiao, S.; Lan, X.; Cheng, X.; Zhang, J.; Lu, D.; Wei, W.; Wang, Y.; Li, H. Neuroinflammation induced by
lipopolysaccharide causes cognitive impairment in mice. Sci. Rep. 2019, 9, 5790. [CrossRef]

95. Thingore, C.; Kshirsagar, V.; Juvekar, A. Amelioration of oxidative stress and neuroinflammation in lipopolysaccharide-induced
memory impairment using Rosmarinic acid in mice. Metab. Brain Dis. 2021, 36, 299–313. [CrossRef] [PubMed]

96. Sampson, T.R.; Challis, C.; Jain, N.; Moiseyenko, A.; Ladinsky, M.S.; Shastri, G.G.; Thron, T.; Needham, B.D.; Horvath, I.; Debelius,
J.W. A gut bacterial amyloid promotes α-synuclein aggregation and motor impairment in mice. eLife 2020, 9, e53111. [CrossRef]
[PubMed]

97. Chen, G.-f.; Xu, T.-h.; Yan, Y.; Zhou, Y.-r.; Jiang, Y.; Melcher, K.; Xu, H.E. Amyloid beta: Structure, biology and structure-based
therapeutic development. Acta Pharmacol. Sin. 2017, 38, 1205–1235. [CrossRef] [PubMed]

98. Friedland, R.P.; McMillan, J.D.; Kurlawala, Z. What are the molecular mechanisms by which functional bacterial amyloids
influence amyloid beta deposition and neuroinflammation in neurodegenerative disorders? Int. J. Mol. Sci. 2020, 21, 1652.
[CrossRef]

99. Friedland, R.P.; Chapman, M.R. The role of microbial amyloid in neurodegeneration. PLoS Pathog. 2017, 13, e1006654. [CrossRef]

http://doi.org/10.3390/ijms20092115
http://doi.org/10.1016/j.biopsych.2016.08.024
http://www.ncbi.nlm.nih.gov/pubmed/27773355
http://doi.org/10.1016/j.jneuroim.2005.12.007
http://www.ncbi.nlm.nih.gov/pubmed/16494951
http://doi.org/10.1007/s10875-004-6241-6
http://www.ncbi.nlm.nih.gov/pubmed/15622451
http://doi.org/10.3402/mehd.v26.28177
http://doi.org/10.1038/s41598-018-36430-z
http://doi.org/10.1016/j.bbr.2019.112220
http://doi.org/10.3109/1354750X.2010.548010
http://doi.org/10.1016/j.cell.2013.11.024
http://doi.org/10.3748/wjg.v21.i29.8787
http://doi.org/10.1089/cap.2018.0156
http://doi.org/10.1186/s40168-016-0225-7
http://doi.org/10.1038/s41598-019-42183-0
http://doi.org/10.3390/nu13020690
http://doi.org/10.1016/j.brainres.2019.146325
http://doi.org/10.3389/fnagi.2020.00252
http://doi.org/10.7759/cureus.17333
http://doi.org/10.1038/nrn.2016.141
http://doi.org/10.3390/ijms20092293
http://doi.org/10.3389/fnagi.2018.00042
http://doi.org/10.1038/s41598-019-42286-8
http://doi.org/10.1007/s11011-020-00629-9
http://www.ncbi.nlm.nih.gov/pubmed/33068223
http://doi.org/10.7554/eLife.53111
http://www.ncbi.nlm.nih.gov/pubmed/32043464
http://doi.org/10.1038/aps.2017.28
http://www.ncbi.nlm.nih.gov/pubmed/28713158
http://doi.org/10.3390/ijms21051652
http://doi.org/10.1371/journal.ppat.1006654


Molecules 2022, 27, 3402 26 of 29

100. Zhao, Y.; Lukiw, W.J. Microbiome-generated amyloid and potential impact on amyloidogenesis in Alzheimer’s disease (AD).
J. Nat. Sci. 2015, 1, e138.

101. Zhou, Y.; Smith, D.; Leong, B.J.; Brännström, K.; Almqvist, F.; Chapman, M.R. Promiscuous cross-seeding between bacterial
amyloids promotes interspecies biofilms. J. Biol. Chem. 2012, 287, 35092–35103. [CrossRef]

102. Cattaneo, A.; Cattane, N.; Galluzzi, S.; Provasi, S.; Lopizzo, N.; Festari, C.; Ferrari, C.; Guerra, U.P.; Paghera, B.; Muscio, C.
Association of brain amyloidosis with pro-inflammatory gut bacterial taxa and peripheral inflammation markers in cognitively
impaired elderly. Neurobiol. Aging 2017, 49, 60–68. [CrossRef]

103. Ho, L.; Ono, K.; Tsuji, M.; Mazzola, P.; Singh, R.; Pasinetti, G.M. Protective roles of intestinal microbiota derived short chain fatty
acids in Alzheimer’s disease-type beta-amyloid neuropathological mechanisms. Expert Rev. Neurother. 2018, 18, 83–90. [CrossRef]

104. Javed, I.; Zhang, Z.; Adamcik, J.; Andrikopoulos, N.; Li, Y.; Otzen, D.E.; Lin, S.; Mezzenga, R.; Davis, T.P.; Ding, F. Accelerated
amyloid beta pathogenesis by bacterial amyloid FapC. Adv. Sci. 2020, 7, 2001299. [CrossRef]

105. Leblhuber, F.; Geisler, S.; Steiner, K.; Fuchs, D.; Schütz, B. Elevated fecal calprotectin in patients with Alzheimer’s dementia
indicates leaky gut. J. Neural Transm. 2015, 122, 1319–1322. [CrossRef]

106. Kowalski, K.; Mulak, A. Brain-gut-microbiota axis in Alzheimer’s disease. J. Neurogastroenterol. Motil. 2019, 25, 48. [CrossRef]
107. Jakobsson, H.E.; Rodríguez-Piñeiro, A.M.; Schütte, A.; Ermund, A.; Boysen, P.; Bemark, M.; Sommer, F.; Bäckhed, F.; Hansson,

G.C.; Johansson, M.E. The composition of the gut microbiota shapes the colon mucus barrier. EMBO Rep. 2015, 16, 164–177.
[CrossRef]

108. Everard, A.; Belzer, C.; Geurts, L.; Ouwerkerk, J.P.; Druart, C.; Bindels, L.B.; Guiot, Y.; Derrien, M.; Muccioli, G.G.; Delzenne, N.M.
Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc. Natl. Acad. Sci. USA
2013, 110, 9066–9071. [CrossRef]

109. König, J.; Wells, J.; Cani, P.D.; García-Ródenas, C.L.; MacDonald, T.; Mercenier, A.; Whyte, J.; Troost, F.; Brummer, R.-J. Human
intestinal barrier function in health and disease. Clin. Transl. Gastroenterol. 2016, 7, e196. [CrossRef]

110. Choi, V.M.; Herrou, J.; Hecht, A.L.; Teoh, W.P.; Turner, J.R.; Crosson, S.; Wardenburg, J.B. Activation of Bacteroides fragilis toxin
by a novel bacterial protease contributes to anaerobic sepsis in mice. Nat. Med. 2016, 22, 563–567. [CrossRef]

111. Liu, S.; Gao, J.; Zhu, M.; Liu, K.; Zhang, H.-L. Gut microbiota and dysbiosis in Alzheimer’s disease: Implications for pathogenesis
and treatment. Mol. Neurobiol. 2020, 57, 5026–5043. [CrossRef]

112. Ballabh, P.; Braun, A.; Nedergaard, M. The blood–brain barrier: An overview: Structure, regulation, and clinical implications.
Neurobiol. Dis. 2004, 16, 1–13. [CrossRef]

113. Zenaro, E.; Piacentino, G.; Constantin, G. The blood-brain barrier in Alzheimer’s disease. Neurobiol. Dis. 2017, 107, 41–56.
[CrossRef]

114. Vogt, N.M.; Kerby, R.L.; Dill-McFarland, K.A.; Harding, S.J.; Merluzzi, A.P.; Johnson, S.C.; Carlsson, C.M.; Asthana, S.;
Zetterberg, H.; Blennow, K.; et al. Gut microbiome alterations in Alzheimer’s disease. Sci. Rep. 2017, 7, 13537. [CrossRef]

115. Zhang, L.; Wang, Y.; Xiayu, X.; Shi, C.; Chen, W.; Song, N.; Fu, X.; Zhou, R.; Xu, Y.-F.; Huang, L. Altered gut microbiota in a mouse
model of Alzheimer’s disease. J. Alzheimer’s Dis. 2017, 60, 1241–1257. [CrossRef]

116. Zhuang, Z.-Q.; Shen, L.-L.; Li, W.-W.; Fu, X.; Zeng, F.; Gui, L.; Lü, Y.; Cai, M.; Zhu, C.; Tan, Y.-L. Gut microbiota is altered in
patients with Alzheimer’s disease. J. Alzheimer’s Dis. 2018, 63, 1337–1346. [CrossRef]

117. Bäuerl, C.; Collado, M.C.; Diaz Cuevas, A.; Viña, J.; Pérez Martínez, G. Shifts in Gut Microbiota Composition in an APP/PSS 1
Transgenic Mouse Model of Alzheimer’s Disease during Lifespan; Wiley Online Library: New York, NY, USA, 2018.

118. Honarpisheh, P.; Reynolds, C.R.; Blasco Conesa, M.P.; Moruno Manchon, J.F.; Putluri, N.; Bhattacharjee, M.B.; Urayama, A.;
McCullough, L.D.; Ganesh, B.P. Dysregulated Gut Homeostasis Observed Prior to the Accumulation of the Brain Amyloid-β in
Tg2576 Mice. Int. J. Mol. Sci. 2020, 21, 1711. [CrossRef]

119. Cilia, R.; Piatti, M.; Cereda, E.; Bolliri, C.; Caronni, S.; Ferri, V.; Cassani, E.; Bonvegna, S.; Ferrarese, C.; Zecchinelli, A.L. Does
Gut Microbiota Influence the Course of Parkinson’s Disease? A 3-Year Prospective Exploratory Study in de novo Patients.
J. Parkinson’s Dis. 2021, 11, 159–170. [CrossRef]

120. Tan, A.H.; Chong, C.W.; Lim, S.Y.; Yap, I.K.S.; Teh, C.S.J.; Loke, M.F.; Song, S.L.; Tan, J.Y.; Ang, B.H.; Tan, Y.Q. Gut microbial
ecosystem in Parkinson’s disease: New clinico-biological insights from multi-omics. Ann. Neurol. 2021, 89, 546–559. [CrossRef]

121. Hiroshi, N.; Mikako, I.; Tomohiro, I.; Tomonari, H.; Tetsuya, M.; Kenichi, K.; Yoshio, T.; Jun, U.; Hiroshi, M.; Ken, K. Meta-Analysis
of Gut Dysbiosis in Parkinson’s Disease. Mov. Disord. Off. J. Mov. Disord. Soc. 2020, 35, 1626–1635.

122. Heinzel, S.; Aho, V.T.; Suenkel, U.; von Thaler, A.K.; Schulte, C.; Deuschle, C.; Paulin, L.; Hantunen, S.; Brockmann, K.;
Eschweiler, G.W. Gut microbiome signatures of risk and prodromal markers of Parkinson disease. Ann. Neurol. 2020, 88, 320–331.
[CrossRef]

123. Shen, T.; Yue, Y.; He, T.; Huang, C.; Qu, B.; Lv, W.; Lai, H.-Y. The association between the gut microbiota and Parkinson’s disease,
a meta-analysis. Front. Aging Neurosci. 2021, 13, 40. [CrossRef]

124. Vascellari, S.; Melis, M.; Palmas, V.; Pisanu, S.; Serra, A.; Perra, D.; Santoru, M.L.; Oppo, V.; Cusano, R.; Uva, P. Clinical Phenotypes
of Parkinson’s Disease Associate with Distinct Gut Microbiota and Metabolome Enterotypes. Biomolecules 2021, 11, 144. [CrossRef]
[PubMed]

125. Saresella, M.; Marventano, I.; Barone, M.; La Rosa, F.; Piancone, F.; Mendozzi, L.; d’Arma, A.; Rossi, V.; Pugnetti, L.; Roda, G.; et al.
Alterations in Circulating Fatty Acid Are Associated With Gut Microbiota Dysbiosis and Inflammation in Multiple Sclerosis.
Front. Immunol. 2020, 11, 1390. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M112.383737
http://doi.org/10.1016/j.neurobiolaging.2016.08.019
http://doi.org/10.1080/14737175.2018.1400909
http://doi.org/10.1002/advs.202001299
http://doi.org/10.1007/s00702-015-1381-9
http://doi.org/10.5056/jnm18087
http://doi.org/10.15252/embr.201439263
http://doi.org/10.1073/pnas.1219451110
http://doi.org/10.1038/ctg.2016.54
http://doi.org/10.1038/nm.4077
http://doi.org/10.1007/s12035-020-02073-3
http://doi.org/10.1016/j.nbd.2003.12.016
http://doi.org/10.1016/j.nbd.2016.07.007
http://doi.org/10.1038/s41598-017-13601-y
http://doi.org/10.3233/JAD-170020
http://doi.org/10.3233/JAD-180176
http://doi.org/10.3390/ijms21051711
http://doi.org/10.3233/JPD-202297
http://doi.org/10.1002/ana.25982
http://doi.org/10.1002/ana.25788
http://doi.org/10.3389/fnagi.2021.636545
http://doi.org/10.3390/biom11020144
http://www.ncbi.nlm.nih.gov/pubmed/33499229
http://doi.org/10.3389/fimmu.2020.01390
http://www.ncbi.nlm.nih.gov/pubmed/32733460


Molecules 2022, 27, 3402 27 of 29

126. Mazzini, L.; Mogna, L.; De Marchi, F.; Amoruso, A.; Pane, M.; Aloisio, I.; Cionci, N.B.; Gaggìa, F.; Lucenti, A.; Bersano, E.; et al.
Potential Role of Gut Microbiota in ALS Pathogenesis and Possible Novel Therapeutic Strategies. J. Clin. Gastroenterol. 2018, 52,
S68–S70. [CrossRef] [PubMed]

127. Di Gioia, D.; Bozzi Cionci, N.; Baffoni, L.; Amoruso, A.; Pane, M.; Mogna, L.; Gaggìa, F.; Lucenti, M.A.; Bersano, E.;
Cantello, R.; et al. A prospective longitudinal study on themicrobiota composition in amyotrophic lateral sclerosis. BMC Med.
2020, 18, 153. [CrossRef]

128. Romano, S.; Savva, G.M.; Bedarf, J.R.; Charles, I.G.; Hildebrand, F.; Narbad, A. Meta-analysis of the Parkinson’s disease gut
microbiome suggests alterations linked to intestinal inflammation. NPJ Parkinson’s Dis. 2021, 7, 27. [CrossRef]

129. Liu, J.; Xu, F.; Nie, Z.; Shao, L. Gut Microbiota Approach—A New Strategy to Treat Parkinson’s Disease. Front. Cell. Infect. Microbiol.
2020, 10, 648. [CrossRef]

130. Berg, D.; Postuma, R.B.; Adler, C.H.; Bloem, B.R.; Chan, P.; Dubois, B.; Gasser, T.; Goetz, C.G.; Halliday, G.; Joseph, L. MDS
research criteria for prodromal Parkinson’s disease. Mov. Disord. Off. J. Mov. Disord. Soc. 2015, 30, 1600–1611. [CrossRef]

131. Sampson, T.R.; Debelius, J.W.; Thron, T.; Janssen, S.; Shastri, G.G.; Ilhan, Z.E.; Challis, C.; Schretter, C.E.; Rocha, S.; Gradinaru, V.
Gut microbiota regulate motor deficits and neuroinflammation in a model of Parkinson’s disease. Cell 2016, 167, 1469–1480.e12.
[CrossRef]

132. Colpitts, S.L.; Kasper, E.J.; Keever, A.; Liljenberg, C.; Kirby, T.; Magori, K.; Kasper, L.H.; Ochoa-Repáraz, J. A bidirectional
association between the gut microbiota and CNS disease in a biphasic murine model of multiple sclerosis. Gut Microbes 2017, 8,
561–573. [CrossRef]

133. Brown, J.; Quattrochi, B.; Everett, C.; Hong, B.-Y.; Cervantes, J. Gut commensals, dysbiosis, and immune response imbalance in
the pathogenesis of multiple sclerosis. Mult. Scler. J. 2021, 27, 807–811. [CrossRef]

134. Cantarel, B.L.; Waubant, E.; Chehoud, C.; Kuczynski, J.; DeSantis, T.Z.; Warrington, J.; Venkatesan, A.; Fraser, C.M.; Mowry, E.M.
Gut microbiota in multiple sclerosis: Possible influence of immunomodulators. J. Investig. Med. 2015, 63, 729–734. [CrossRef]

135. Tremlett, H.; Fadrosh, D.W.; Faruqi, A.A.; Zhu, F.; Hart, J.; Roalstad, S.; Graves, J.; Lynch, S.; Waubant, E.; US Network of Pediatric
MS Centers. Gut microbiota in early pediatric multiple sclerosis: A case−control study. Eur. J. Neurol. 2016, 23, 1308–1321.
[CrossRef]

136. Ochoa-Repáraz, J.; Mielcarz, D.W.; Ditrio, L.E.; Burroughs, A.R.; Foureau, D.M.; Haque-Begum, S.; Kasper, L.H. Role of gut
commensal microflora in the development of experimental autoimmune encephalomyelitis. J. Immunol. 2009, 183, 6041–6050.
[CrossRef]

137. Farrokhi, V.; Nemati, R.; Nichols, F.C.; Yao, X.; Anstadt, E.; Fujiwara, M.; Grady, J.; Wakefield, D.; Castro, W.; Donaldson, J.
Bacterial lipodipeptide, Lipid 654, is a microbiome-associated biomarker for multiple sclerosis. Clin. Transl. Immunol. 2013, 2, e8.
[CrossRef]

138. Forbes, J.D.; Van Domselaar, G.; Bernstein, C.N. The gut microbiota in immune-mediated inflammatory diseases. Front. Microbiol.
2016, 7, 1081. [CrossRef]

139. Ojeda, J.; Ávila, A.; Vidal, P.M. Gut Microbiota Interaction with the Central Nervous System throughout Life. J. Clin. Med. 2021,
10, 1299. [CrossRef]

140. Alonso, A.; Logroscino, G.; Jick, S.S.; Hernán, M.A. Incidence and lifetime risk of motor neuron disease in the United Kingdom:
A population-based study. Eur. J. Neurol. 2009, 16, 745–751. [CrossRef]

141. Wu, S.; Yi, J.; Zhang, Y.G.; Zhou, J.; Sun, J. Leaky intestine and impaired microbiome in an amyotrophic lateral sclerosis mouse
model. Physiol. Rep. 2015, 3, e12356. [CrossRef]

142. Fang, X.; Wang, X.; Yang, S.; Meng, F.; Wang, X.; Wei, H.; Chen, T. Evaluation of the microbial diversity in amyotrophic lateral
sclerosis using high-throughput sequencing. Front. Microbiol. 2016, 7, 1479. [CrossRef]

143. Zhang, Y.-g.; Wu, S.; Yi, J.; Xia, Y.; Jin, D.; Zhou, J.; Sun, J. Target intestinal microbiota to alleviate disease progression in
amyotrophic lateral sclerosis. Clin. Ther. 2017, 39, 322–336. [CrossRef]

144. Balanzá-Martínez, V. Nutritional supplements in psychotic disorders. Actas Esp. De Psiquiatr. 2017, 45, 16–25.
145. Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.; Cani, P.D.

Expert consensus document: The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement
on the definition and scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491–502. [CrossRef]

146. Yang, H.; Liu, Y.; Cai, R.; Li, Y.; Gu, B. A narrative review of relationship between gut microbiota and neuropsychiatric disorders:
Mechanisms and clinical application of probiotics and prebiotics. Ann. Palliat. Med. 2021, 10, 2304–2313. [CrossRef]

147. Cheng, L.-H.; Liu, Y.-W.; Wu, C.-C.; Wang, S.; Tsai, Y.-C. Psychobiotics in mental health, neurodegenerative and neurodevelop-
mental disorders. J. Food Drug Anal. 2019, 27, 632–648. [CrossRef]

148. Fooks, L.; Gibson, G.R. Probiotics as modulators of the gut flora. Br. J. Nutr. 2002, 88, s39–s49. [CrossRef]
149. Tsilingiri, K.; Rescigno, M. Postbiotics: What else? Benef. Microbes 2013, 4, 101–107. [CrossRef]
150. Grimaldi, R.; Gibson, G.R.; Vulevic, J.; Giallourou, N.; Castro-Mejía, J.L.; Hansen, L.H.; Gibson, E.L.; Nielsen, D.S.; Costabile, A.

A prebiotic intervention study in children with autism spectrum disorders (ASDs). Microbiome 2018, 6, 133. [CrossRef]
151. Liu, Y.-W.; Liong, M.T.; Chung, Y.-C.E.; Huang, H.-Y.; Peng, W.-S.; Cheng, Y.-F.; Lin, Y.-S.; Wu, Y.-Y.; Tsai, Y.-C. Effects of

Lactobacillus plantarum PS128 on Children with Autism Spectrum Disorder in Taiwan: A Randomized, Double-Blind, Placebo-
Controlled Trial. Nutrients 2019, 11, 820. [CrossRef]

http://doi.org/10.1097/MCG.0000000000001042
http://www.ncbi.nlm.nih.gov/pubmed/29782468
http://doi.org/10.1186/s12916-020-01607-9
http://doi.org/10.1038/s41531-021-00156-z
http://doi.org/10.3389/fcimb.2020.570658
http://doi.org/10.1002/mds.26431
http://doi.org/10.1016/j.cell.2016.11.018
http://doi.org/10.1080/19490976.2017.1353843
http://doi.org/10.1177/1352458520928301
http://doi.org/10.1097/JIM.0000000000000192
http://doi.org/10.1111/ene.13026
http://doi.org/10.4049/jimmunol.0900747
http://doi.org/10.1038/cti.2013.11
http://doi.org/10.3389/fmicb.2016.01081
http://doi.org/10.3390/jcm10061299
http://doi.org/10.1111/j.1468-1331.2009.02586.x
http://doi.org/10.14814/phy2.12356
http://doi.org/10.3389/fmicb.2016.01479
http://doi.org/10.1016/j.clinthera.2016.12.014
http://doi.org/10.1038/nrgastro.2017.75
http://doi.org/10.21037/apm-20-1365
http://doi.org/10.1016/j.jfda.2019.01.002
http://doi.org/10.1079/BJN2002628
http://doi.org/10.3920/BM2012.0046
http://doi.org/10.1186/s40168-018-0523-3
http://doi.org/10.3390/nu11040820


Molecules 2022, 27, 3402 28 of 29

152. Sanctuary, M.R.; Kain, J.N.; Chen, S.Y.; Kalanetra, K.; Lemay, D.G.; Rose, D.R.; Yang, H.T.; Tancredi, D.J.; German, J.B.;
Slupsky, C.M. Pilot study of probiotic/colostrum supplementation on gut function in children with autism and gastrointestinal
symptoms. PLoS ONE 2019, 14, e0210064. [CrossRef]

153. Wang, Y.; Li, N.; Yang, J.-J.; Zhao, D.-M.; Chen, B.; Zhang, G.-Q.; Chen, S.; Cao, R.-F.; Yu, H.; Zhao, C.-Y. Probiotics and
fructo-oligosaccharide intervention modulate the microbiota-gut brain axis to improve autism spectrum reducing also the
hyper-serotonergic state and the dopamine metabolism disorder. Pharmacol. Res. 2020, 157, 104784. [CrossRef]

154. Akbari, E.; Asemi, Z.; Daneshvar Kakhaki, R.; Bahmani, F.; Kouchaki, E.; Tamtaji, O.R.; Hamidi, G.A.; Salami, M. Effect of
probiotic supplementation on cognitive function and metabolic status in Alzheimer’s disease: A randomized, double-blind and
controlled trial. Front. Aging Neurosci. 2016, 8, 256. [CrossRef] [PubMed]

155. Kobayashi, Y.; Kuhara, T.; Oki, M.; Xiao, J.-Z. Effects of Bifidobacterium breve A1 on the cognitive function of older adults
with memory complaints: A randomised, double-blind, placebo-controlled trial. Benef. Microbes 2019, 10, 511–520. [CrossRef]
[PubMed]

156. Ton, A.M.M.; Campagnaro, B.P.; Alves, G.A.; Aires, R.; Côco, L.Z.; Arpini, C.M.; Guerra e Oliveira, T.; Campos-Toimil, M.;
Meyrelles, S.S.; Pereira, T.M.C. Oxidative stress and dementia in Alzheimer’s patients: Effects of synbiotic supplementation.
Oxidative Med. Cell. Longev. 2020, 2020, 2638703. [CrossRef] [PubMed]

157. Kaur, H.; Nagamoto-Combs, K.; Combs, C.K. Impact of modulating gut bacteria using antibiotic, probiotic, and prebiotic interven-
tions in the APPNL-G-F mouse model of Alzheimer disease: Inflammation: From basic science to biomarkers. Alzheimer’s Dement.
2020, 16, e042122. [CrossRef]

158. Bonfili, L.; Cecarini, V.; Gogoi, O.; Berardi, S.; Scarpona, S.; Angeletti, M.; Rossi, G.; Eleuteri, A.M. Gut microbiota manipulation
through probiotics oral administration restores glucose homeostasis in a mouse model of Alzheimer’s disease. Neurobiol. Aging
2020, 87, 35–43. [CrossRef]

159. Lee, Y.-S.; Lai, D.-M.; Huang, H.-J.; Lee-Chen, G.-J.; Chang, C.-H.; Hsieh-Li, H.M.; Lee, G.-C. Prebiotic Lactulose Ameliorates
the Cognitive Deficit in Alzheimer’s Disease Mouse Model through Macroautophagy and Chaperone-Mediated Autophagy
Pathways. J. Agric. Food Chem. 2021, 69, 2422–2437. [CrossRef]

160. Cao, J.; Amakye, W.K.; Qi, C.; Liu, X.; Ma, J.; Ren, J. Bifidobacterium Lactis Probio-M8 regulates gut microbiota to alleviate
Alzheimer’s disease in the APP/PS1 mouse model. Eur. J. Nutr. 2021, 60, 3757–3769. [CrossRef]

161. Barichella, M.; Pacchetti, C.; Bolliri, C.; Cassani, E.; Iorio, L.; Pusani, C.; Pinelli, G.; Privitera, G.; Cesari, I.; Faierman, S.A. Probiotics
and prebiotic fiber for constipation associated with Parkinson disease: An RCT. Neurology 2016, 87, 1274–1280. [CrossRef]

162. Sun, P.; Luo, Y.; Wu, X.T.; Ansari, A.R.; Wang, J.; Yang, K.; Xiao, K.; Peng, K. Effects of Supplemental Boron on Intestinal
Proliferation and Apoptosis in African Ostrich Chicks. Int. J. Morphol. 2016, 34, 830–835. [CrossRef]

163. Das, B.C.; Nandwana, N.K.; Ojha, D.P.; Das, S.; Evans, T. Synthesis of a boron-containing amidoxime reagent and its application
to synthesize functionalized oxadiazole and quinazolinone derivatives. Tetrahedron Lett. 2022, 92, 153657. [CrossRef]

164. Adams, J.; Behnke, M.; Chen, S.; Cruickshank, A.A.; Dick, L.R.; Grenier, L.; Klunder, J.M.; Ma, Y.-T.; Plamondon, L.; Stein, R.L.
Potent and selective inhibitors of the proteasome: Dipeptidyl boronic acids. Bioorganic Med. Chem. Lett. 1998, 8, 333–338.
[CrossRef]

165. Adamczyk-Wozniak, A.; Borys, K.M.; Sporzynski, A. Recent developments in the chemistry and biological applications of
benzoxaboroles. Chem. Rev. 2015, 115, 5224–5247. [CrossRef]

166. Baker, S.J.; Tomsho, J.W.; Benkovic, S.J. Boron-containing inhibitors of synthetases. Chem. Soc. Rev. 2011, 40, 4279–4285. [CrossRef]
167. Diaz, D.B.; Yudin, A.K. The versatility of boron in biological target engagement. Nat. Chem. 2017, 9, 731–742. [CrossRef]
168. Heckman, P.; Wouters, C.; Prickaerts, J. Phosphodiesterase inhibitors as a target for cognition enhancement in aging and

Alzheimer’s disease: A translational overview. Curr. Pharm. Des. 2015, 21, 317–331. [CrossRef]
169. Wiley, H.W. Influence of Food Preservation and Artificial Colors on Digestion and Health: I. Boric Acid and Borax; Government Printing

Office: Washington, DC, USA, 1904.
170. Nielsen, F.H.; Meacham, S.L. Growing Evidence for Human Health Benefits of Boron. J. Evid. -Based Complementary Altern. Med.

2011, 16, 169–180. [CrossRef]
171. Nielsen, F.H. Is boron nutritionally relevant? Nutr. Rev. 2008, 66, 183–191. [CrossRef]
172. Fort, D.J.; Stover, E.L.; Strong, P.L.; Murray, F.J.; Keen, C.L. Chronic Feeding of a Low Boron Diet Adversely Affects Reproduction

and Development in Xenopus laevis. J. Nutr. 1999, 129, 2055–2060. [CrossRef]
173. Evariste, L.; Flahaut, E.; Baratange, C.; Barret, M.; Mouchet, F.; Pinelli, E.; Galibert, A.M.; Soula, B.; Gauthier, L. Ecotoxicolog-

ical assessment of commercial boron nitride nanotubes toward Xenopus laevis tadpoles and host-associated gut microbiota.
Nanotoxicology 2021, 15, 35–51. [CrossRef]

174. Wang, Y.; Wang, C.; Zhao, Y.; Wang, P. Effects of a Superabsorbent Resin with Boron on Bacterial Diversity of Peat Substrate and
Maize Straw. BioMed Res. Int. 2018, 2018, 6071085. [CrossRef]

175. Naghii, M.R.; Mofid, M.; Asgari, A.R.; Hedayati, M.; Daneshpour, M.S. Comparative effects of daily and weekly boron sup-
plementation on plasma steroid hormones and proinflammatory cytokines. J. Trace Elem. Med. Biol. Organ Soc. Miner. Trace
Elem. (GMS) 2011, 25, 54–58. [CrossRef]

176. Hunt, C.D.; Idso, J.P. Dietary boron as a physiological regulator of the normal inflammatory response: A review and current
research progress. J. Trace Elem. Exp. Med. Off. Publ. Int. Soc. Trace Elem. Res. Hum. 1999, 12, 221–233. [CrossRef]

http://doi.org/10.1371/journal.pone.0210064
http://doi.org/10.1016/j.phrs.2020.104784
http://doi.org/10.3389/fnagi.2016.00256
http://www.ncbi.nlm.nih.gov/pubmed/27891089
http://doi.org/10.3920/BM2018.0170
http://www.ncbi.nlm.nih.gov/pubmed/31090457
http://doi.org/10.1155/2020/2638703
http://www.ncbi.nlm.nih.gov/pubmed/32411323
http://doi.org/10.1002/alz.042122
http://doi.org/10.1016/j.neurobiolaging.2019.11.004
http://doi.org/10.1021/acs.jafc.0c07327
http://doi.org/10.1007/s00394-021-02543-x
http://doi.org/10.1212/WNL.0000000000003127
http://doi.org/10.4067/S0717-95022016000300002
http://doi.org/10.1016/j.tetlet.2022.153657
http://doi.org/10.1016/S0960-894X(98)00029-8
http://doi.org/10.1021/cr500642d
http://doi.org/10.1039/c0cs00131g
http://doi.org/10.1038/nchem.2814
http://doi.org/10.2174/1381612820666140826114601
http://doi.org/10.1177/2156587211407638
http://doi.org/10.1111/j.1753-4887.2008.00023.x
http://doi.org/10.1093/jn/129.11.2055
http://doi.org/10.1080/17435390.2020.1839137
http://doi.org/10.1155/2018/6071085
http://doi.org/10.1016/j.jtemb.2010.10.001
http://doi.org/10.1002/(SICI)1520-670X(1999)12:3&lt;221::AID-JTRA6&gt;3.0.CO;2-X


Molecules 2022, 27, 3402 29 of 29
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