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Hundreds of billions of commensal microorganisms live in and on human bodies, most of which colonize the gut shortly
after birth and stay there for the rest of human 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 (AD), Parkinson’s disease (PD), Multiple Sclerosis,
Amyotrophic Lateral Sclerosis, anxiety, stress, and so on.
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| 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 @. Microbes flourish on human skin, as well as in human
genitourinary, gastrointestinal, and respiratory systems, with the gastrointestinal tract being the most densely infested. The
colon and rectum, located at the end of the gastrointestinal (Gl) tract, are thought to house the greatest number of
bacteria in the human body [&. Surprisingly, just one-third of human's gut microbiota is shared by most individuals, while
the remaining two-thirds is unique to each person, similar to a personal identification card . 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 antibiotic therapy may all disrupt the balance between helpful commensals and potentially pathogenic
microorganisms, ‘Dysbiosis’ [ 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 [¢. The “gut-brain axis” (GBA) implies the existence of a two-
way communication route between gut microorganisms and the CNS, is now widely accepted [, and dysregulation 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. €. Currently, microbiome-based
therapies, such as prebiotics, probiotics, and synbiotics, as well as microbiota fecal transplants, aim to promote eubiosis
to improve metabolic and mental health €. In addition, Boron (B), a kind of active bio-trace-element, has been suggested
to be an essential nutrient, which imparts neuroprotective 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 &,

| 2. 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 9. The most important risk factor is age, with the vast majority of people with Alzheimer’s dementia being 65
or older 1. 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 121131,



2.1. 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 1) 141,
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Figure 1. 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-a, IL-1f3, iNOS, NADPH
oxidase, and thus astrocyte activation and NF-kB activity which further promote AP aggregation. AB also acts as an
agonist to the TLR4 receptor and thus promotes the vicious cycle of amyloid aggregation and ultimately neuronal death in
AD.

2.2. 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 28 (50-70% in the normal gut microbiota). LPS is a valuable tool for investigating
neuroinflammation in neurodegenerative diseases 3. 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 AP levels, injure
oligodendrocytes, and cause myelin damage in the AD brain. Because AP 1-42 is also a TLR4 agonist, it may set in
motion a vicious loop that accounts for AD’s persistent progression 28l 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
AR protein cleavage and accumulation, resulting in neuron loss and the development of Alzheimer’s disease 9. 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 24, According to Thingore et al. (2020), LPS injection
elevated neuroinflammation, caused poor memory retention and exacerbated the cognitive decline, and led to oxidative
stress by lowering SOD, and increasing lipid peroxidation 28],

Amyloid—Amyloids are self-aggregating proteins that can induce cellular dysfunction in patients with neurodegenerative
disorders 9. A is a cleavage product of APP, a transmembrane protein implicated in neuronal growth, signaling, and
intracellular transport 24, GM-produced amyloids have been shown to cross-seed AB deposition in several in vitro and in
vivo studies [, Curli is created by Escherichia coli, TasA is made by Bacillus subtilis, CsgA is produced by Salmonella
Typhimurium, FapCP is produced by pseudomonas fluorescens, and so on 22, Bacterial amyloids have a different basic
structure than brain amyloids, although they have similar metabolic and structural properties 23, 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 AR 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 [24, 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-13, IL-6, C-X-C motif chemokine ligand, and nod-like
receptor protein 3, and lower levels of anti-inflammatory cytokine 1L-10 23], Ho et al. (2018) found that the gut microbiota
can help guard against Alzheimer’s disease by promoting the production of certain SCFAs that prevent the creation of
harmful soluble AR aggregates 28], 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 4.

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 (28],

2.3. Leaky Gut and Leaky Brain

The mucus layer, intestinal epithelium, and lamina propria 22 form the intestinal barrier, protecting the body from
pathogenic germs and preventing toxic particles, chemicals, bacteria, and other health-threatening organisms from
entering the bloodstream. The makeup of the microbiota influences the permeability of the mucus layer B2, The multitude
of mucin-degrading bacteria Akkermansia muciniphila improves the gut barrier function and systemic inflammation 1.
Changes in tight junctions are mediated by pathogenic E. coli strains, Salmonella, Shigella, Helicobacter pylori, Vibrio, or
Clostridium B2, 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 B3, 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 24],
The BBB (blood—brain barrier), which is made up of specialized brain endothelial cells, astrocytes, and pericytes, is a
highly selective semipermeable boundary B2, The BBB integrity is critical 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 B8], Pro-inflammatory and cytotoxic
events result from a deposition 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 AB1-42 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 AP may, thus, contribute to the breakdown of the BBB, exacerbating the
neurodegenerative process and the inflammatory reactions that accompany it (281,

Table 1. Various studies show alteration in gut microbiota in various neurodegenerative disorders.
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| 3. Parkinson’s Disease

Parkinson’s disease (PD) is the world’s second most prevalent neurodegenerative illness, characterized by an aberrant
buildup of a-synuclein fibrils known as Lewy bodies (LBs) in dopaminergic neurons in the substantia nigra (SN) 2L, 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 B2. Increased intestinal
permeability and systemic exposure of bacterial endotoxins are caused by changes in the gut microbiota, which causes
excess a-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 28, 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
advancing 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) 24!, In individuals with PD, there was a
significant drop in numerous gut microbiota metabolic products, which might lead to constipation. When intestinal infection
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 a-synuclein-mediated motor impairments and brain disease, whereas germ-free
mice displayed milder a-synuclein pathology (Sampson et al., 2016) 5. The microbiome-related changes in PD are
discussed in Table 1.

| 4. 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 B8l 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 BEI. 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 controls B8l59 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 (6], 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) 81, Probiotics (IRT5 including Lactobacillus casei, Lactobacillus 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 2. Dysbiosis in MS is further described in Table 1.

| 5. 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 63, Because of respiratory paralysis, the majority of ALS patients die within 3 to 5
years [ A number of studies have discovered indications of abnormalities in the gut microbiota in people with
amyotrophic 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 62, Fang et al. (2016) discovered a decreased
Firmicutes/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 8. 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 4. Further studies
related to microbiota and ALS are discussed in Table 1.
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