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Abstract: Alzheimer’s disease (AD) is an incurable, neuropsychiatric, pathological condition that de-
teriorates the worth of geriatric lives. AD is characterized by aggregated senile amyloid plaques, neu-
rofibrillary tangles, neuronal loss, gliosis, oxidative stress, neurotransmitter dysfunction, and bioen-
ergetic deficits. The changes in GIT composition and harmony have been recognized as a decisive
and interesting player in neuronal pathologies including AD. Microbiota control and influence the
oxidoreductase status, inflammation, immune system, and the endocrine system through which it
may have an impact on the cognitive domain. The altered and malfunctioned state of microbiota
is associated with minor infections to complicated illnesses that include psychosis and neurode-
generation, and several studies show that microbiota regulates neuronal plasticity and neuronal
development. The altered state of microbiota (dysbiosis) may affect behavior, stress response, and cog-
nitive functions. Chronic stress-mediated pathological progression also has a well-defined role that
intermingles at various physiological levels and directly impacts the pathological advancement of
AD. Chronic stress-modulated alterations affect the well-established pathological markers of AD
but also affect the gut-brain axis through the mediation of various downstream signaling mecha-
nisms that modulate the microbial commensals of GIT. The extensive literature reports that chronic
stressors affect the composition, metabolic activities, and physiological role of microbiota in various
capacities. The present manuscript aims to elucidate mechanistic pathways through which stress
induces dysbiosis, which in turn escalates the neuropathological cascade of AD. The stress—dysbiosis
axis appears a feasible zone of work in the direction of treatment of AD.
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1. Introduction

Increased age, owing to medical advancement, has made humans prone to a variety
of complications and illnesses. Dementia is such an age-associated neurodegenerative
and neuropsychiatric complication that affects, devastates, and deteriorates geriatric lives.
Alzheimer’s disease (AD) is the most common form of dementia that has shown an up-
surge worldwide. There are approximately 66 million people suffering from AD and this
number is unfortunately predicted to increase up to 115 million by 2030 [1]. Between 2000
and 2017, the death rate showed a 31% rise in the age group of 65 to 74, an upsurge of
57% for people aged 75 to 84, and 86% for people aged 85 and older [2]. The associated
health care costs are also expected to increase to 1 trillion from the existing $305 billion in
2020 in the coming years. This associated health care cost includes expert nursing care,
hospital care, and home healthcare, and the costs include informal care giving that is
likely underestimated and are associated with significant negative societal and personal
burden [3]. Thus, rather than a neurodegenerative sickness, AD has become a social burden
that requires immediate, expert, timely, and result-oriented intervention. Typically, AD is
exemplified by impairments in episodic memory followed by deterioration of the cognitive
domain that includes malfunctioned state of visuospatial, linguistic, behavioral, and other
executive functions [4]. The major pathological markers of AD (hippocampal atrophy,
amyloid plaques, neurofibrillary tangles, neuronal death) can be identified years before the
cognitive decline and neuropsychiatric disturbances [5,6]. Oxidative stress, increased age,
genetics, neuroinflammation, etc. have found a well-established place among etiopathology
of AD; furthermore, the interaction of genetic and several environmental risk factors are
found to be associated with AD. Among them, alteration in the gut microbiota is now
recognized as a viable target to be investigated [7]. The microbiota has shown close involve-
ment with several neurodegenerative and neuropsychiatric complications including AD,
amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD), and Huntington’s disease
(HD) [8]. The benefit and use of microbes have been advocated by several studies which
report the significant cognitive deficits and neuronal deterioration in their altered state.
Thus, the absence of microbes is a corroborating critical link between the gut-brain axis
and cognition. The microbiota domain is not a new area to target neurodegeneration but
has been tried since 1920, when probiotics containing lactobacillus were used to improve
mental health and psychiatric disorders. This approach was not much appreciated and
accepted due to the non-revelation of their clear-cut mechanisms. Recent times have wit-
nessed a resurge in the interest and role of gut microbes in the improvement of mental
health, owing to their ability to improve psychiatric wellbeing through their interaction
with different physiological systems [9]. The interest in the microbial domain grows further
as the microbiota of AD patient’s shows huge variations and differences in taxonomy and
phyla with the control and there is a decrease in Firmicutes, an increase in Bacteroidetes,
and a decrease in Bifidobacterium compared to healthy controls [10]. This state of dysbiosis
is complemented by dysregulation of the anti-inflammatory P-glycoprotein pathway and
signaling of pro-inflammatory mechanisms (altered epithelial permeability, decrease mucus
production, and enhanced passage of pro-inflammatory cytokines into the systemic circula-
tion) [11]. Some studies have tied cognitive decline and AD risk with exposure to common
pathogens including Cytomegalovirus, Herpes simplex virus type 1, Helicobacter py-
lori, etc. which have shown abundance in AD patients [12]. Additionally, gut microbes
influence brain attributes through various ways, which include dysbiosis-related inflam-
mation, the involvement of altered microbiota in oxidative stress, altered permeability,
resultant immune activity, age-related reduction in beneficial microbiota, dysbiosis in-
duced insulin-resistant state, etc. These are the major mechanistic and pathological links
through which cognitive domain and pathological progression of AD are influenced [13].
The microbial connection was earlier thought to be limited to the processes involved in the
fermentation of sugar, synthesis of vitamins, and metabolism of xenobiotics only, but their
role in various disorders, including diabetes, cardiovascular complications, and obesity, ad-
vocates their role in AD, as most of these metabolic complications are also associated with
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the occurrence of AD. These findings are supported by differences in the quantitative and
quantitative differences of microbiota between normal individuals and AD sufferers [14,15].
There are approximately more than 1000 species and 7000 strains of bacteria that reside in
the human gut. The human gastrointestinal tract (GIT) is the largest and richest reservoir
of microorganisms in the human body. Most of them (approximately 99%) are anaerobic
bacteria, while aerobic genera (Enterococcus and Enterobacteriaceae) constitute the sub-
dominant portion [16]. Fungi, virus, yeast, archaea, and protozoa are also present in minute
quantities (approximately 1%) [17]. In total, 95% of symbiotic microorganisms are present
in the gut, and this microbiome has a diverse role in human physiology. Gram-positive
bacteria are predominantly present in the oral and periodontic region and gram-negative
dominate in the stomach and intestinal areas. Microorganisms populating the gut (mi-
crobiota) and human healthiness have an important and interesting relationship because
not only symbionts and commensals, but also pathogenic microorganisms constitute the
microbiota [18]. Thus, a well-balanced state of microbiota is indispensable for homeostasis
owing to their role in the regulation of body weight, glucose metabolism, neurotropism,
immunomodulation, hypersensitivity, inflammation, and overall, in the regulation of nor-
mal growth and development [19]. The difference in bacteria composition determines the
difference in the biochemistry of individuals, which is responsible for genetic susceptibility
and resistance to diseases [20]. Firmicutes (51%), Bacteroides (48%), Proteobacteria, Acti-
nobacteria (Bifidobacterium), and Cyanobacteria are the major bacterial phyla constituting
GIT and share a mutual positive association with the host [13]. Owing to the diversity
of microbiota, it regulates multiple neuro-chemical, neuro-immune, and neuro-metabolic
pathways through a highly interactive host-microbiome signaling that links various organs
with major parts of the brain. Gut microbiota controls several neurochemical pathways, in-
cluding the hypothalamic—pituitary—adrenal (HPA) axis, the central stress response system,
and immunogenic mechanisms, through which they are assumed to influence cognitive
processes through interaction with the gut-brain axis. The benefits of microbiota have
been also proven by the benefits of leptin, ghrelin, GLP-1, and GIP, which further gives an
idea of how those peptide hormones in GIT influence neurological functions and advocate
microbial metabolic deformities in neurodegeneration. Additionally, the use of probiotics
(lactobacillus and bifidobacteria) in AD reversed various pathological markers, including atro-
phy and amyloid accumulation, and influenced proteasome degradation of Amyloid 3 and
autophagy. The role of microbiota has also been documented in various neuropsychiatric
illnesses and stress-mediated disorders, which reflects the microbiota as an ever-changing
and dynamic domain that can be targeted for neurodegenerative complications including
AD [21].

Stress threatens homeostasis, challenges the wellbeing of an individual, and impairs
the physiological balance of an individual. Stress involves activation of the HPA axis and
release of glucocorticoids. Stress mechanism activates apoptotic pathways, aggravates
oxidative stress, and causes inflammation. All these factors are major etiological influences
for various neurodegenerative disorders and may predispose the nervous system to the
subsequent development of neuro-damage during the lifetime. In relation to AD, the effects
of stress on the hippocampus are of prime consequence, where neuroinflammation and
apoptosis in response to stress damages neurons [22]. Peripheral inflammation of GIT
due to microbiota modulation or inflammation and oxidative stress also influence prime
CNS modulators and affect behavior and cognition. The intestinal manifestations influence
progression of neuropsychiatric illnesses through diverse mechanisms that include alter-
ation of intestinal permeability, dysregulation of serotonin levels, activation of mast cells,
and affecting neurotrophic factors. In many studies, it has been reported that peripheral
inflammation can disturb the blood-brain barrier integrity and allows the spread of pe-
ripheral inflammation to CNS. It has been noticed that the level of tight junctional proteins
(occluding and Claudin-5) was downregulated, while levels of caspase-3 were upregulated
in cortex and hippocampus. These observations points toward the impact of peripheral
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inflammation- and oxidative stress-induced apoptotic cascade in brain regions that may be
responsible for neuronal demise [23].

2. Microbiota-Physiological Role: Gut Brain Axis

There are certain limitations to grow and culture intestinal microbes; thus, while their
exact number has not been defined, they are assumed to have up to 1012 per/mL density,
which is the highest in any microbial ecosystem. The human microbiota encodes almost
4 x 106 genes, which is a hundred times more than the number of human genes [24,25].
The microbiota provides the widest and vastest interface between an individual and the
outside world, with an estimated area equivalent to a tennis court (260-300 m). This com-
munity of microbiota outnumbers the number of eukaryotic cells in the human body [26].
From a historical point of view, William James and Carl Lange conceptualized that bidi-
rectional communication between the GIT and the brain may influence cognitive and
emotional attributes, while Walter Cannon proposed that neuronal signals steer GIT func-
tions. Now, the gut-brain axis is an emerging field in pharmacology, gastroenterology,
microbiology, psychology, and translational research [27,28]. The gut-brain axis requires
optimal functioning of the endocrinal, sympathetic-parasympathetic, and enteric nervous
system and a state of dysbiosis may prove detrimental for them. The fetal gut is almost
sterile and microbial colonization starts once the fetus passes from the uterus. The mi-
crobial composition is influenced by maternal nutrition and the mode of delivery [29].
Infant microbiota has a maternal influence and is mainly inhabited with lactobacillus
and prevotella species, and those born through cesarean section have Staphylococcus and
Propionibacterium as the dominant species. Breast-fed infants also have a high concentra-
tion of bifidobacteria, while this number is much lower in infants fed with artificial food.
The initial colonization of microbiota is particularly important and decisive for permanent
composition; therefore, environmental and nutritional stressors have an important role
to shape the microbiota [30]. This community diversifies and expands over time and is
mainly dominated by anaerobes in adults [31] and microbiota show a near-final shape by
three years of age, with a shift from Bifidobacterium to Clostridia and Bacteriodetes [32].
The composition of microbiota in the human system is also influenced by the anatomical
site, pH, antibiotic use, drugs, stress, moisture, dietary habits, etc. [33]. The host system
provides a nourishing and beneficial environment to microbes, and in turn, they metab-
olize undigested food, including xenobiotics, and provide protection against pathogens
through their immunomodulatory and anti-inflammatory action [34]. The commensal
or beneficial microbes also help in the differentiation and growth of epithelial barriers
providing protection against pathogens. Counting for their immuno-modulatory functions,
microbiota expands the gut-associated and intraepithelial lymphoid tissue and fine-tunes
the T helper cells and cytokine differentiation [35]. Microbiota aids in the digestion of
foods, colonization resistance (bacterial antagonism through the production of antimicro-
bial substances), and mucus secretory functions. Microbiota also induces the expression of
genes in enterocytes that gives an added advantage to the residing bacteria and makes it
difficult for pathogens to get attached and colonize [36]. The microbial metabolites are uti-
lized to produce amino acids (tryptophan, GABA) and monoamines (serotonin, dopamine,
etc.), which reach the neuronal entity through the bloodstream and have a pivotal role in
neurotransmission and cognition [37] (Figure 1). The microbiota has a multitude of func-
tionality in intestinal barrier homeostasis, bone homeostasis, acute stress responsiveness,
and neurogenesis as well as in the regulation of behavior and mood [38]. Their role in the
fermentation of indigestible residues, digestion of indigestible carbohydrates, vitamin syn-
thesis (especially B group vitamins serving as substrates/cofactor in several biochemical
reactions), and in the metabolic recovery of energy to complete biochemical pathways [16]
makes them indispensable for survival. A more diverse and healthier microbiota not only
regulates crucial processes of digestion and aids extraction and absorption of metabolites,
but also maintains intestinal epithelium integrity by secretion of bacteriocins. Micro-
biota also ensures the availability of SCFA (butyrate, propionate, and acetate), which are
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also indispensable for mucin synthesis and anti-inflammatory activities, and ensures gut
permeability. An altered microbiota leads to altered membrane permeability, which propa-
gates inflammation and alters normal signaling between the neural-endocrine-HPA axis,
which ultimately affects brain functions [39,40]. The bidirectional communication between
the brain and enteric nervous system in the abdomen transpires through the modulation of
hormones and signaling of sympathetic and parasympathetic nervous systems networks.
These complicated yet closely divulged interactions form the basis of linking two systems
together. This axis now includes microbiota as functions of the gut (ENS), which are ma-
nipulated to a large extent by the microbiome. This is logical, as the microbiome influence
ENS, which in turn has potential effects on the brain and microbiota and has emerged as a
viable area to diagnose and therapeutically target for neurological and neurodegenerative
disorders [41]. Microbiota can influence the ENS, and both the CNS and ENS share several
similarities morphologically, physiologically, and pharmacologically; thus, if a microbiota
has an influence on the ENS, it can also impact the CNS in diverse ways [42].
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Figure 1. Physiological and pathological role of microbiota. Microbiota influences several physiological functions, while an
altered state (dysbiosis) due to stress and other changes leads to several neurological alterations, which proves detrimental
for CNS homeostasis. GABA; gamma Amino Butyric acid; BDNF: Brain derived neurotrophic factor; BBB; blood-brain
barrier; CNS: central nervous system; SCFA; Short chain fatty acids.

3. Microbiota in AD

Alteration in the microbiota forms the basis for multiple disorders, including asthma,
hypersensitivity reactions, autism, multiple sclerosis, diabetes, colorectal cancer, inflamma-
tory bowel disease, obesity, cardiovascular complications (hypertension), neurodegenerative
diseases (AD, PD), and neuropsychiatric complications (anxiety, depression, etc.) [43,44].
Chronic antibiotic use, acute/chronic infections, stress, genetics, dietary changes, and in-
creased age are the major factors responsible for altered microbiota (dysbiosis) [45,46].
With the number of unsuccessful efforts to target AD, novel areas, such as the microbiota
and the use of probiotics, have gained considerable attention over the years. The vagus
nerve serves as the mode of communication between the ENS/gut and autonomic ner-
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vous system, and it ends at the brain stem nuclei, which receive and forward afferent and
efferent fibers. Thus, the brain stems influence gut functions and propagates signals to
the thalamus and cortex. Microbiota form a communication channel between the ENS
and CNS, and any change in intestinal permeability leads to infiltration of cytokines and
immune cells which influence both the ENS and CNS and forms a crucial modulator of
the gut-brain axis [47]. Dysbiosis is a state of quantitative and qualitative changes in a
microbiota, which then turns hostile to the host. This is characterized by the unequivocal dis-
tribution of microorganisms, overpowering of beneficial effects of commensals/symbionts
by pathogens, and resultant changes in their metabolic activity [48]. The state of dysbiosis
involves fewer beneficial microbiota and less diverse microbiota, decreased integrity of ep-
ithelial barrier, altered membrane permeability, and decreased mucosal defense, leading to
the occurrence of infections and serious illnesses. The main genera of beneficial bacteria
include Lactobacillus and Bifidobacterium (favorable modulation of GIT physiology, aids in
digestion, prevents pathogenic colonization) and Eubacterium, Roseburia, and Faecali bac-
terium (antioxidant, anti-inflammatory, maintenance of gut permeability), which possesses
favorable functions and maintain homeostasis. The genera Enterobacteriaceae, a family in-
cluding the gut commensals Escherichia, Shigella, Proteus, and Klebsiella, is considered mainly
harmful, but the distinction of beneficial or harmful bacteria is not clear, as the dominance of
one taxon is not desirable and beneficial bacteria may prove harmful if they enter systemic
circulation [49]. The state of dysbiosis is characterized by increased inflammation, as there is
a decrease in the anti-inflammatory bacterial population which may signal the response of
inflammatory cytokines (IL-1, TNF-«) [50]. Metabolic deformities, such as insulin resistance,
dyslipidemia, oxidative stress, hyperglycemia, and alteration in micronutrients, also find an
adjacent connotation with AD pathogenesis and are regarded as probable etiological factors
for AD, which find a close association with the microbiota [45]. Microbiota can modify
behavioral and electrophysiological properties of the nervous system and has also found an
association with the cognitive domain of an individual. These findings are supported by
the benefits of probiotics in cognitive and behavioral deficits, although the supporting data
need to be strengthened further [51,52]. The microbiota has emerged as an important player
in synaptic transmission and the formation of neurotransmitters (acetylcholine, dopamine,
and serotonin). The animals with no microbiota (germ-free) have shown declined levels
of BDNF, NMDA, and GABA, which are implicitly involved in cognitive functions [53].
These germ-free animals also showed deficits in spatial and working memory, suggesting a
role of microbiota in the regulation of cognitive functions. All the neurotransmitters and
trophic factors produced by microbiota are involved in synaptogenesis, synaptic signaling,
excitatory/inhibitory neurotransmission, and the constitution of normal behavior. Thus,
by influencing neurotransmitter signaling, receptor expression, and neuromodulatory activ-
ities, microbiota may influence cognitive functions closely [54]. The infection of H. pylori in
AD patients signals inflammation, the formation of tangles, and cognitive decline, and in-
creased deposition of senile plaques has been reported in the presence of Orrelia burgdorferi
and Chlamydia pneumonia beside pylori infection [12,55]. Blood analyses of AD patients
having amyloid load and inflammatory markers have also shown an increased presence of
bacteria which instigate inflammation (Escherichia/Shighella) and an abridged existence of
anti-inflammatory (Escherichia rectale) microbes [56]. The germ-free studies (rearing animals
in a sterile environment and gnotobiotic units that prevent bacterial colonization) have
revealed decreased mRINA BDNF expression (in a sex-dependent manner), abnormal innate
immune response, microglial activation, and decreased expression for NMDA receptors [57].
Germ-free mice have also depicted altered microglia numbers, maturation patterns, and im-
mune responses [58]. In various experimental studies, the beneficial effects of the rational
composition of microbiota through the administration of probiotics have been documented.
The treatment of Bifidobacteria (B. longum and B. breve) for 11 weeks in BALB/c mice
had pro-cognitive effects and, in these animals, learning, memory, and recognition were
improved in a strain-specific manner [59]. Additionally, probiotics, when served with fer-
mented milk, not only changed the intrinsic activity of the resting brain but also modified the
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emotions and sensation [60]. L. acidophilus, L. fermentum, Bifidobacterium lactis, and B. longum,
when given in a combined formulation, decreased oxidative stress and improved memory
deficits by modulating microbiota in A injected rats [61]. Furthermore, a combination
preparation of Bifidobacterium lactis, Lactobacillus casei, Bifidobacterium bifidum, and Lactobacil-
lus acidophilus called Probiotic-4, when administered to 9-month-old senescence-accelerated
mouse prone 8 (SAMP8) mice for 12 weeks, decreased memory deficits, cerebral neuronal
and synaptic injuries, and glial activation and modulated the microbiota. This formulation
also lessened the age-associated disruption of the intestinal barrier and blood-brain barrier,
decreased LPS, TLR expression, proinflammatory cytokines (TNF-a, IL-6) at both mRNA
and protein levels, and nuclear factor-kB (NF-kB) translocation in the brain [62]. Thus,
probiotics in general may have an effect on memory deficits and other disorders associated
with distorted neuronal functions (Figure 2).

_— e
N T
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Figure 2. Physiological targets of microbiota modulation. Microbiota may be modulated to achieve various beneficial
outcomes relevant to Alzheimer’s pathology.

3.1. Microbiota, Neurotransmitters, and Trophic Factors

Neurotransmitters (acetylcholine, GABA) and trophic factors have a crucial role in
AD pathophysiology and are involved in neuronal communication, synaptic plasticity,
and signaling pathways. Both acetylcholine and GABA are involved in cognitive func-
tions and the only approved treatment options for AD also includes the restoration of
cholinergic functions through acetylcholinesterase inhibitors (Donepezil, rivastigmine,
etc.). Trophic factor withdrawal or deficiency of BDNF also affects synaptic plasticity and
escalates neurodegeneration [63]. Lactobacilli and Bifidobacteria are the major microbial
component of the microbiome, which converts monosodium glutamate into GABA, in-
creasing its availability in CNS, leading to the upregulation of inhibitory signaling through
GABAergic neurons [64]. In a state of dysbiosis, when the proportion of these two strains
is downregulated and the intestinal production of GABA is affected, there is the emer-
gence of the state of imbalance of GABA /glutamate activity, which increases the risk of
excitotoxic cell death [65]. Additionally, the downregulation of NMDA mRNA expres-
sion in the hippocampus in germ-free mice suggests an increase in glutamatergic activity
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and a relation between gut metabolism and glutamatergic neurotransmission through
microbiota [66]. The concentration of glutamate is also somewhere dependent on the
microbiota. Glutamate is a major excitatory neurotransmitter that acts on the N-methyl-D-
aspartate (NMDA) receptor; glutamate is a prerequisite for excitatory neurotransmission
and neuronal survival, neuronal differentiation, synaptic signaling, and balanced neural
transmission. This NMDA receptor-mediated excitatory signaling is important for learning
and memory. In germ-free mice, the decreased hippocampal mRNA expression of NMDA
and antibiotic treatment resulted in decreased NMDA expression shows the influence of
microbiota on excitatory neurotransmission in CNS [55,65]. Serotonin has a decisive role
to play in the regulation of diverse components of memory through its interaction with
glutamatergic, cholinergic, and neuro-modulatory activities. Serotonin, which is mainly
tied to memory and cognition, also controls behavioral and psychological symptoms of
AD (anxiety, depression, hallucinations, delusions, etc.). Although the pancreas, bones,
and mammary glands are entrusted with the production of serotonin, more than 90% of
serotonin production occurs through GIT microbiota. The essential amino acid tryptophan
is the major substrate for serotonin synthesis. A major part of tryptophan is required
for kynurenine synthesis, leading to the generation of nicotinamide adenine dinucleotide
(NAD) in humans as well as in the microbiome. Most of the serotonin synthesis involves
enterochromaffin cells in the GIT epithelium, which account for 90% of serotonin synthesis.
This involves a precise balance of utilization of bacteria and epithelial uptake of tryptophan
for serotonin synthesis. The gut microbiota diverts its uptake to the bacterial kynurenine
pathway to the detriment of serotonin synthesis by epithelial cells. The metabolites of
tryptophan metabolism include kynurenine and quinoline, which have been proposed
to perturb brain functions [67]. Thus, the bacterial populations, including Escherichia
coli and Enterococci, regulate serotonin production and affect its CNS concentration [68].
Pseudomonas and other gut microbes synthesize serotonin from the available tryptophan
and exploit the same for its virulence and intercellular signaling. In state of dysbiosis,
the rate of synthesis of serotonin declines due to a reduction in the levels of circulating
tryptophan, which ultimately impacts serotonergic neurotransmission. The optimal func-
tional status of serotonin signaling is of utmost importance for neuronal networking and
neurotransmission; any undesired rate of serotonin transmission impacts the functioning
of the central and enteric nervous system, which has an undesired impact on gut-brain
axis communication [69]. Normal microbial flora also impact brain-derived neurotrophic
factor (BDNF) levels of the hippocampus, cortex, and other brain regions [70]. BDNF is an
important neurotrophin and a classic trophic factor that is extensively involved in CNS
growth and development by regulating structural remodeling, enhancing neurogenesis,
neurotransmission, neuroplasticity, cell growth, differentiation, and overall homeostasis.
AD is categorized by a decreased expression of BDNF, which may escalate A3 and Tau
(neurofibrillary tangles) pathology. The reduced BDNF expression is now recognized as a
reliable marker for AD [71]. The administration of prebiotics in rats has led to the increased
levels of BDNF in the frontal cortex and hippocampus, the regions governing crucial aspects
of memory [59], while the decrease in BDNF and increase NFKB signaling has been seen af-
ter antibiotic treatment. NFKf3 induction leads to signaling and activation of inflammatory
pathways and angiogenesis have been witnessed in animal models. The administration
of lactobacilli and preserving the microbiota has shown to alleviate inflammation [72].
The role of probiotics has been advocated by various studies conducted in germ-free mice
which show variations in BDNF and other neurotransmitters, and thus, exhibit deficits
in learning, memory, and emotional behaviors [73]. Antibiotic treatment also alters the
expression of BDNF and its high-affinity receptor (TrkB) in both ENS and CNS. An interest-
ing observation was that dysbiosis leads to regionally differentiated expression of BDNF
and TrkB levels, as there was upregulation of their levels in ENS, while both BDNF and
Trkb were downregulated in the hippocampus and unmodified in the prefrontal cortex [74].
Furthermore, in the latest finding, the probiotic treatment (L. plantarum IS-10506) has
upregulated the BDNF expression in the hippocampus, implying that probiotics may have
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a beneficial role in cognition as the increased BDNF expression in the hippocampus is a
verified strategy and mechanism of action of various memory enhancers, which support
the fact that probiotic supplementation has positive effects on brain development and brain
plasticity [75].

3.2. AD: Microbiota, Inflammation, and Dysbiosis

Millions of nerves endings in the GIT are crucial for organizing and coordinating
intestinal functions by communicating with the brain through the vagus nerve, transmit-
ting signals from the brain to the gut, and vice versa. The well-conserved microbiota
maintains the intestinal permeability and does not allow the pro-inflammatory cytokines
to travel the brain via the bloodstream [76]. Microbiota preserves intestinal permeabil-
ity by regulating the epithelial barriers. In a state of dysbiosis, the altered permeability
leads to systemic inflammation, which can lead to neuroinflammation by affecting the
blood-brain barrier permeability [77]. Neuroinflammation and provoked IL-1, TNF-«,
and TGF-§3, as well as other cytokines, are involved in the neuroinflammatory response in
AD. The release of cytokines by microglia and astrocytes are mediated through classical
pathological markers of AD, including A and NFTs. The bi-directional communication
between A3 deposition and release of proinflammatory mediators also involves genetic in-
fluence (TREM2, CD88, and D1) [55]. Gram-negative bacteria, being the major component
of microbiota and lipopolysaccharides (LPS), are the major components of their cell wall. In
a healthy scenario, LPS cannot reach the bloodstream due to an intact intestinal epithelial
barrier, and in compromised intestinal permeability, there are increased levels of LPS in the
bloodstream. Plasma levels of LPS reach 3—4 times higher in AD patients, indicating the
LPS infiltration and impact of the dominance of gram-negative bacteria in AD. In the case
of intestinal dysfunction and compromised blood-brain barrier, there is a huge possibility
that the increased excretion of LPS may cross the intestinal barrier and reaches in the
vicinity of CNS via infiltrated cytokine. The increased concentration of LPS in the fourth
ventricle induces inflammation, where they are recognized by Toll-like receptors, and the
accumulation of Amyloid beta is induced [78]. Microbiota also controls the maturation
and development of microglia in the nervous system. A state of dysbiosis, as experienced
in germ-free mice, leads to quantitative alterations in microbiota which ultimately im-
pair immune responses and may activate AD progression [79]. Amyloidosis leading to
dementia also works by the upregulation of proinflammatory cytokines (IL-6, CXCL2,
NLRP3, and IL-1p). This proinflammatory scenario is accompanied by a reduction in
beneficial microbiota (E. rectale) and an increase in harmful species (Escherichia/Shigella),
leading to the conclusion of a positive relation between pro-inflammatory cytokines and
the number of pro-inflammatory intestinal bacteria and a negative correlation between
pro-inflammatory cytokines and the number of anti-inflammatory intestinal bacteria [80].
Neuroinflammation has an important role to play in the pathogenesis of AD. The glial cells
have a physiological (ensures brain development and neuronal survival) and protective
role (ensures defense against infections and harmful stimuli) in AD. This glial activation
is acute and is resolved when the threat of infection is removed, but in the case of AD,
this glial activation becomes chronic, and there is a constant release of proinflammatory
cytokines and activation of the complement system by microglia, including IL1-{3, TNF-«,
and IL-6. This inflammatory storm is accompanied by a loss of microglial phagocytic
activity, which results in the aggregation of neurotoxic substances such as Af3. A also
fosters activation of microglia, and this vicious cycle becomes detrimental in AD, as the
close association of microglial activation and cognitive deficits reveals [81].

3.3. Age, AD, and Microbiota

Age is one of the strongest factors for the development of AD. Age-associated changes
are also intricately linked to the progression of this disorder. Dietary habits, environmen-
tal factors, concurrent infections, and drug use determine the gut composition in aged
people, and alteration is accompanied by altered GI motility, malabsorption of nutrients,
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and impairment in immunity. All these changes in microbiota are accompanied by atrophy
of the brain, impaired immune response, oxidative stress, aggregation/misfolding of pro-
teins (Af3), and cognitive dysfunction [58]. Age-associated hyperstimulation of the immune
system leads to chronic low-grade inflammation of GIT mucosa, leading to an alteration in
microbial diversity leading to increased levels of proinflammatory bacterial products in sys-
temic circulation and their probability to cross the blood-brain barrier [82]. There are also
changes in the microbial composition (levels of Bacteroidetes, Lactobacillus, and Bifidobacteria
declines) besides the ratio of Firmicutes/Bacteroidetes, which increases to 10.9 in adulthood
from 0.4 (infants), and decreases to 0.6 in elders [83]. The levels of three bacterial families,
Bacteroidaceae, Lachnospiraceae, and Ruminococcaceae, decrease with age. Apart from this,
Coprococcus, Roseburia, and Faecalibacterium decrease with age, while Oscillopsia and the
Bacteroidales order (Odoribacter and Butyricimonas) increase with age. These changes are
not consistent and permanent, yet it has been shown that increased age is accompanied
by an alteration in microbiota and diversity [84]. These changes in the microbial popula-
tion are complemented by an age-associated low-grade chronic inflammatory state and
overstimulated innate and adaptive immune response that alters intestinal permeability
and translocation mechanisms of bacteria. These changes of increased pro-inflammatory
infiltration (IL-1, IL-6 TNF-«x) are correlated with increased population of Proteobacteria
and decreased short-chain fatty acid production by microbiota [85]. Thus, restoration of
microbial diversity may be a therapeutic intervention in age-associated disorders.

3.4. Sleep Deprivation, AD, and Microbiota

Sleep disruption has both short-term (anxiety, lethargy) and chronic complications,
such as cardiovascular, metabolic, and neuropsychiatric problems. Sleep deprivation is also
regarded as a stressor for AD, which by modulating synaptic integrity, Amyloid, and Tau
levels influences several biochemicals processes and impairs memory in AD [86]. Based on
this proven evidence, altered sleep architecture is regarded as a proven etiological factor for
AD and it has been suggested that disrupted sleep may promote the development of AD.
Chronic sleep disruption also leads to a state of microbiota dysbiosis, and changes in the
taxonomic profile accompanied by the development of insulin resistance and inflammation
of adipose tissue have been noticed. The microbial diversity and diverse composition
show a positive correlation with the quality of sleep, total sleep time, and inverse relation
with sleep fragmentation advocating the role of healthier microbiota for healthier sleep.
This microbial richness correlates well with the levels of IL-6 (a proven putative somno-
gen) [87]. The altered sleep architecture leads to the development of an imbalanced state of
microbiota characterized by an increase in the ratio of Firmicutes to Bacteroidetes, besides a
higher abundance of Coriobacteriaceae and Erysipelotrichaceae and a lower abundance of
Tenericutes. A better quality sleep is also associated with a higher abundance of microbial
phyla Verrucomicrobia and Lentisphaerae in stool samples. All these changes were consis-
tently accompanied by neuro-psychological changes in AD [80]. The phyla Bacteroidetes
and Firmicutes show a positive relation with sleep quality, and their effects are modulated
through their influence on the circadian rhythm and food intake. Sleep deprivation alters
the balanced ratio of these phyla and modulates the biochemical changes responsible for
AD progression [87]. The major phyla producing y-aminobutyric acid (GABA), a neuro-
transmitter that promotes sleep, are Actinobacteria and Firmicutes, while Corynebacterium has
the metabolic ability to synthesize serotonin, a proven sleep modulator. Interestingly, vari-
ous taxa from the SCFA producing Lachnospiraceae family, including Coprococcus, Blautia,
and Oribacterium, shares a negative correlation with sleep [87]. The microbial diversity and
composition influence sleep architecture not only through modulation of neurotransmitters
and cytokine but may also impact metabolic alteration (insulin resistance), which is also an
independent etiological factor for AD [88].
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3.5. Amyloid Accumulation, AD, and Microbiota

Amyloid plaques, the crucial pathological markers of AD, are cleaved by a transmem-
brane protein, amyloid precursor protein (APP), which has significance for intracellular
transport, neuronal signaling, and development. APP is processed by non-amyloidogenic
(x and y secretases) and amyloidogenic pathway ({3 and y secretases). The amyloidogenic
pathways yield Ap peptides of different dimensions, among which A{340 is abundant
and less toxic, while Ap42 is abundant, neurotoxic, and forms the core of plaque-forming
oligomers and protofibrils [89]. Recently, A3 was recognized as an antimicrobial protein
and part of the innate immune system. Monomeric A having lesser antimicrobial prop-
erty but aggregated form shows antimicrobial pore-forming structures. This process of
amyloid formation involves a myeloid differentiation primary response (Myd-88) pathway,
which involves activation by TLR. The Myd-88 path activates NFKB, generates TNF-«,
and propagates inflammatory cellular signaling. The Myd-88 deficiency ameliorates AD
amyloid aggregation in the AD animal model [90,91]. The amyloid protein synthesized in
the gut helps bacterial cells to get bound to each other and forms an overlapping film that
defies destruction by physical or immune challenges and ensures survival time. The bacte-
rial amyloid and amyloid relevant to AD pathology share similarities in tertiary structure,
although differ in the primary structure. Thus, bacterial amyloid in the gut may fine-tune
the immune system and escalates immune response to amyloid deposits in the brain and
may provoke the amyloid pathogenesis in CNS [92,93]. A huge number of microbiota
strains Mycobacterium tuberculosis, Escherichia coli, Bacillus subtilis, etc. can synthesize amy-
loid protein in the gut, and this may lead to aggregation and cross linking of protein in CNS
through the crossing and bypassing of the barriers [94,95]. The gut amyloid may be the
source of misfolding of neuronal proteins such as alpha-synuclein and A3 via cross seed-
ing that ultimately prime the innate immune system and signal neuroinflammation [96].
The higher secretion of Ap by bacteria and fungi disturb the dynamic equilibrium and may
escalate the risk of AD [24]. This may be an explanation of concurrent infections in the case
of AD and the effects of lifestyle modifications and food habits on these pathologies.

3.6. Microbiota, Inflammation, and Oxidative Stress

Oxidative stress, mitochondrial deficits, and bioenergetic failure is a well-characterized
pathological feature of AD [97]. Microbiota also has an important role to play in these
functions. The intestinal tissues (neural plexus, smooth muscle, and mast cells), commen-
sal anaerobes, and leukocytes are rich sources of Nitric oxide (NO). High nitrate intake
increases nitrite as well as NO production and this function is aided by Lactobacilli and
bifidobacteria (Convert nitrate and nitrite in NO) and gut streptomycetes and bacilli (produce
NO through their NO synthetase from L-arginine) thereby increase the level of NO by host
epithelial cells [98]. NO is the major neurotransmitter of noradrenergic and noncholinergic
ENS and is also released by glutamate-mediated activation of NMDA receptors. In minor
concentration/optimum levels NO is neuroprotective, while higher levels induce oxidative
stress-induced damage, becomes a neurotoxin, and activate apoptotic pathways at higher
levels. NO also induces mitochondrial dysfunction. SFA produced by microbiota reduces
mitochondrial defects, ROS levels, and ROS-induced DNA damage and activates the antiox-
idant mechanism ensuring cell survival. In a state of dysbiosis, when levels of pathogenic
Bactria such as Salmonella and E. coli are increased, there is excessive production of H2S,
which alters the metabolism, increases lactate levels, reduces ATP production, and signals
the inflammatory pathways (IL-6). The abundance of Proteobacteria and decrease of Bi-
fidobacteria in case of dysbiosis leads to decreased production of SCFA developing into
dyslipidemia. Bifidobacteria is the major taxon that has a lipid-lowering and hypocholes-
terolemic effect by facilitating fecal elimination of cholesterol and reducing its absorption.
This taxon also leads to an increase in serum levels of leptin, an anti-obesity hormone.
Leptin has shown an association with LTP and pro-cognitive effects; thus, it may have
added advantage in normalizing AD pathology. This has been further supported by the
report of a probiotic formulation (Lactobacilli and Bifidobacteria), which not only normal-
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ized the serum triglyceride levels and improved cognitive performances, but also confirms
and supports the role of microbiota in the maintenance of a balanced lipid metabolism.
Lacctobaccili also reduces ammonia levels. Ammonia, which is neurotoxic at minor concen-
trations, produces mitochondrial deficits and is implicated in AD. Lactobacillia maintains
optimum Glutamine synthetase, SOD, and Glutathione peroxides activity, which reduces
ammonia levels and helps to escape the detrimental age-associated effects of ammonia [13].

3.7. Dietary Intervention in AD and Microbiota

The benefits of omega 3 polyunsaturated fatty acids (docosahexaenoic acid, eicosapen-
taenoic acid) in AD are credited to their antioxidant potential, but it has been revealed
that intestinal absorption of these food subtypes is affected by intestinal surroundings
and contents of fatty acids in the diet. Thus, the absorption status and capacity of the
intestine decide the content and potency of these fatty acids. Additionally, consumption of
coffee, which is proposed to have beneficial results in AD, is indebted to its mechanism
at various levels (phosphodiesterase inhibition, CREB modulation, antioxidant potential),
but it also works at the level of the microbiota. The fibers in coffee are digested by gut
bacteria, who harvest energy for their own growth. It also reduces the ratio of Firmicutes
to Bacteroidetes, which is associated with reduced inflammation [99]. The polyphenolic
content of coffee beans is degraded by microbiota into easily absorbable small molecules,
and thus, complete utilization of these polyphenols for their biological activity is possible
only through an intact bacterial population [100]. Further higher intake of saturated fat
induces A accumulation and microgliosis and is associated with AD risk, while calorie
restriction has the opposite effects. These changes are attributed to the capability of a fatty
acid-induced diet to alter the microbe, change the intestinal permeability, and increase
LPS absorption. These inflammatory changes induce endotoxemia-mediated systemic
inflammation, while restricted calorie intake optimizes gut microbiota composition and di-
versity [58]. Microbiota influence the gut epithelia and immune system. The inflammatory
contribution of microbiota is attributed to metabolic endotoxemia and its influence over
the modulation of neurohormones, triglyceride clearance, and mucosal immunity. Micro-
biota influence bioenergetics through their capacity to harvest energy from food and their
impact on modulation of lipopolysaccharides levels, which have a role in inflammation
and can contribute to several metabolic (type 2 diabetes, obesity) and neurodegenerative
complications [101].

3.8. AD, Blood Brain Barrier, and Microbiota

Gut microbiota also influences the integrity and development of the blood-brain
barrier. GF mice show increased permeability of BBB compared to specific pathogen-free
mice and mice with normal gut microbiota. Reconstitution and normalization of the gut
microbiota decreased BBB permeability and upregulates the expression of tight junction
proteins [102]. Moreover, the integrity of BBB is altered by the overactive immune system
as results of dysbiosis. The microbial metabolites and cellular components which emerge
from a state of dysbiosis first modulate the innate and adaptive immunity, but in later
stages, may signal neuroinflammation through the activation of mast cells, ROS, cytokines,
and chemokines. These cytokine components influence BBB increases CNS infiltration
through the involvement of astrocytes, microglia, and the vascular system of the CNS.
The peripheral respiratory infection by Bordetella pertussis is known to promote T cell
infiltration, neuroinflammation, and aggregation of Af3. In a 5xFAD model, a state of
dysbiosis led to changes in Ap-related pathogenesis and promoted gliosis. This over-
activation of microglia was suppressed by antibiotic treatment. Further degradation in
BBB increases the chances of peripheral infection to reach the CNS and influences AD
pathogenesis and A3 formation. These findings are further supported by research that has
demonstrated that CNS-invading fungi Candida albicans and viral infection in the brain
by Herpesviridae dramatically accelerated AP deposition with concurrent gliosis [103].
These findings get enough support from novel therapies targeting AD that include antiviral
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drugs (Acyclovir, Penciclovir, Foscarnet, Bioflavonoids, and Valacyclovir) and antimicrobial
drugs (Doxycycline, Propranolol, Rifampicin, and Gingipin inhibitors) which have shown
neuroprotection in animal models of AD [104].

4. Stress in AD

A plethora of evidence supports a complex interaction between CNS/ENS and mi-
crobiota in the pathological domain. These include comorbidity of GIT disorders and
psychiatric illnesses, mood disorders, and irritable bowel syndrome. The effects of genetic
and environmental factors are modulated by the gut-brain axis, which ultimately affects
brain development and function; thus, they are implicated in a variety of CNS complica-
tions. Interestingly stress is an important factor that can trigger depression and anxiety and
influence pathological progression of IBD, and in all these pathologies, microbiota mod-
ulation is involved. Thus, it seems appropriate to add that microbiota may have a role
in these disorders [44]. Among various factors, lifestyle factors, including exposure to
high-pitched noise, insomnia, altered pattern in circadian rhythm, and sedentary behavior,
are found to affect the pathogenesis of AD. Interestingly, all these factors are also found
to alter the microbiome diversity and status. Thus, it may be predicted that the external
stressful events may trigger or modulate AD pathogenesis through the microbial route,
as microbial density is highly susceptible to these obnoxious and undesirable changes [80].
Thus, elucidation of the linkage between modern lifestyle/stressful events, gut microbiome,
and AD is a feasible area that requires special mention. Stress is a crucial modifiable factor
that intermingles with the physiological mechanisms that may activate the AD cascade.
Stress is a pervasive feature that encompasses environmental, physical, and psychological
components. The biological effects of stress involve and include the core stress response
system, the hypothalamic-pituitary-adrenal (HPA) axis, the overactivation of which leads
to abnormal and maladaptive changes in brain anatomy and physiology [105]. Stress is a
conceivable threat to homeostasis which provokes a physiological, psychological, and adap-
tive response in an individual. Stress is resolved when the incoming or inducing threat is
resolved, but chronic stress is a determinant of human health [97]. The commons stressor in
the chronically activated state has found an association with imbalanced immune activity
(autoimmunity or overactivation), endocrine disruption, inflammation, and psychological
and cognitive impairments. In an acute or transient state, all these changes may help to
restore homeostasis, but in the aggravated state, they may turn hostile and detrimental [34].
The physical and psychological stress mechanisms involve the HPA axis, the sympathetic
nervous system, and the inflammasome-mediated induction of inflammatory responses.
Although sources of stressors may divulge, many of the biochemical mechanisms triggered
as part of the stress response are common for physical and psychological stressors. AD is
a disorder of varied origin and diverse etiopathology. Stress is an inescapable event that,
when within limits, helps to restore homeostasis, while in uncontrolled form, it can disturb
the hypothalamic—pituitary—adrenal (HPA) axis. The HPA axis is integrally involved in
cognitive development; thus, when in an aggravated form, it leads to neuroinflammation,
dysfunctional immune system, hippocampal atrophy, and intellectual and neuropsychiatric
impairments [97]. A stress-activated HPA axis results in the elevation of Glucocorticoids
(GC) levels (cortisol in humans and corticosterone in rodents). The corticotrophin-releasing
hormone stimulates ACTH, which in turn increases the production of glucocorticoids from
the adrenal cortex. The glucocorticoid hormone exerts a negative feedback on the HPA axis.
In stressful situations, cortisol secretion continues for hours, until a critical concentration
in the blood is reached and cortisol inhibits CRF and ACTH release by the hypothala-
mus and the suprarenal gland, respectively, establishing a negative feedback loop that
allows the recovery of internal homeostasis [106]. The mineralocorticoid receptors (MRs)
and glucocorticoids receptors (GRs) are the two major receptors to bind with Glucocorti-
coids. Interestingly, both MRs and GRs are highly expressed in pyramidal neurons of CA1
and CA2 and in granule cells of the dentate gyrus of the hippocampus, and long-lasting
stress (hypercortisolemia) could be a potential neurodegenerative factor for the hippocam-
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pus. The continuation of stressful events and hypercortisolemia activates inflammatory
responses and the corresponding dysregulation of inflammatory feedback [107] and re-
duction of synaptic plasticity and neurogenesis, a critical processes for the prevention of
allostatic load [108]. GCs also influence the accumulation of A, the formation of NFTs,
dendrite atrophy, and downregulation of matrix metalloproteinase-2 (MMP-2) (involved in
clearance of plaques) [105] (Figure 3).
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Figure 3. Chronic stress-induced dysbiosis leads to Alzheimer’s pathology. Chronic stressors, such as altered food pattern,
sleep architecture, and bacterial infections, change the microbiome and alter microbiota. The state of dysbiosis may progress
to pathological changes (NFTs, Af), leading to the development of Alzheimer’s disease. H. Pylori; Helicobacter pylori;
II-Interleukins; TLR; Toll like receptor; LPS; Lipopolysaccharides; MAMP: Microbe-Associated Molecular Pattern.

Stress and Dysbiosis

A diverse gut microbiome is healthier and is also associated with better learning/memory
abilities, optimum behavior, and healthier cognitive functions [109]. As already discussed,
the microbiota has a unique and individualistic profile and the functional, physiologic, and flex-
ible status of an individual is altered by several factors, including stress. Stress influences
microbiota composition and function and microbiota composition influences stress responses,
making this reciprocal relationship an extremely complicated yet viable one to investigate stress
and microbiota relationship in AD [110,111] (Table 1). The signals of microbiota are transmitted
to brain/peripheral tissues that secrete glucocorticoids. Although these steroids are secreted
from the adrenal cortex, they can also be secreted from the intestine via regeneration of biologi-
cally active glucocorticoids, corticosterone, or cortisol from their inactive 11-oxo derivatives
by enzyme 11b-hydroxysteroid dehydrogenase type 1 (11HSD1), constituting extra-adrenal
glucocorticoid synthesis. The glucocorticoid secretion also occurs through neuropeptides,
cytokines, and even bacterial ligands independently of pituitary ACTH. Therefore, it is conceiv-
able that gut microbiota might affect the steroidogenesis of glucocorticoids [112]. Additionally,
the microbiota is influenced at various stages by the hypothalamic adrenal axis (stress axis).
At the time of activation of the HPA axis, microbiota starts to take a final shape, as it is in-
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nervated by the HPA axis through the enteric nervous system under the influence of this
axis [32]. The altered microbiota influences the HPA axis, which modulates the stress response,
which has been exemplified in various studies related to the development of anxiety and social
behavior in rodents in a state of dysbiosis. There was upregulation of c-FOS levels (responsible
for anxious state) and alteration in brain-derived Neurotrophic factor (BDNF) in the infectious
state induced by stress, and all these changes were normalized by probiotics treatment [60].
Stress modulates the microbiota in several ways, which include redirecting blood away from
the GIT (decreasing oxygenation), modulating immune functions of the GIT, decreasing the
availability of substrates, decreasing GI motility, decreasing the production of antimicrobial
peptides, and producing an oxidative stress and inflammation-prone environment [30,34].
Various studies advocate microbiota as stress mediators, and studies in germ-free mice have
shown a many-fold increase in the stress response (increased corticosterone/ ACTH secretion),
suggesting a calming/soothing effect of microbes on the devastating effects of the HPA axis,
which include neuroinflammation, cognitive deficits, and altered behavior [6]. A chronic
stressor is regarded as a promoter of dysbiosis and normalizing the flora using probiotics and
prebiotics has been reported to reduce stress-induced corticosterone levels and has shown
beneficial effects on anxiety and depression through the modulation of cytokine levels and
production of short-chain fatty acids by microbiota [113]. Supplementation of lactobacillus
has also shown a decrease in corticosterone levels and benefits in cognition. The increased
concentration of the Clostridiales family and decrease in the abundance of Bacteroides has
been observed in different chronic stress paradigms, which also correlated with the levels of
proinflammatory cytokines [114]. Collectively, these data support the influence of stressful
events on microbiota density. Chronic antibiotic use also leads to dysbiosis with a consequent
increase in serum corticosteroid levels. These changes were accompanied by increase inflam-
mation and cognitive abnormalities, which were reversed by the recomposition of microbiota
through probiotics [55]. Antibiotic use of ampicillin in rats for one month resulted in dysbiosis,
elevated corticosterone levels, impairment of behavioral spatial memory, and development
of anxiety. These changes were reversed by Lactobacillus fermentum [55]. In another inter-
esting study, the gram-negative Citrobacter rodentium produced changes in microbial function,
which produced cognitive deficits only in concurrent presence of psychological stress; pro-
biotic prophylactic use restored the gut balance and reversed the stress-induced cognitive
changes [115]. Intestinal secretion of hormones and neurotransmitters (catecholamines) due
to increased stress modulates microbial growth. Additionally, the altered signaling of ENS
and vagus nerve modulates physical forces which reduce digestive activities and GI motil-
ity, and as a result, substate availability. A cycle of ischemia, hypoperfusion, and reduced
oxygenation is also experienced due to diversion of blood, which reduces oxygenation of the
intestinal mucosa and may lead to hypoxia-related inflammatory cascade, immune overactivity,
altered membrane permeability, and ultimately a change in metabolism and microbiota [34].
Cortisol secretion in response to stress alters the immune activity and microorganisms also
sense the stressors and deviate towards a change in their composition. The detection of changes
in stress levels/hormones helps microbes to change their gene profile to suit the need of indi-
viduals and by this mechanism; they also control their own population. Recently, it has been
proposed that Ruminococcus, a member of the gut microbiome in piglets, controls levels of
n-acetyl aspartate, the second most abundant molecule in the brain, via levels of cortisol [116].
The germ-free mice exposed to acute restraint stress and acute novel environment stress show
exaggerated stress response which was normalized with colonization with commensals and
treatment with prebiotics and probiotics [111]. Germ-free mice with concurrent upregulation
of stress response have shown a reduction in BDNF levels, alteration in NMDA levels, and
have increased anxiety with the deterioration of neurological functions [53,65]. The maternal
separation stress in neonatal rats also leads to long-term behavioral changes with concurrent
changes in gut microbiota [117]. Normally, the small quality of antigens crosses the epithelial
barrier and interacts with the immune system for human protection, but stress compromises
epithelial functions and mucosal defense, which ends with signaled infiltration of antigens
which overactivated the immune system and systemic inflammation [118]. Additionally, the
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physiologically sterile epithelium is altered in exposure to stress. There is a significant decrease
in fecal bacteria, especially Lactobacilli, and this alteration produces the same changes as the
inhibition of gastric acid release, alterations in gastrointestinal motility, or increased duodenal
bicarbonate production. Overall stress may lead to conditions less favorable for the growth
and proliferation of beneficial bacteria such as Lactobacilli, as well as reducing survival and
adherence [119]. The stress-mediated multi-fold increase in catecholamines affects intestinal
functions and microbiota in many ways. On the contrary, probiotics such as Lactobacillus
reduce plasma corticosterone levels, subside inflammation, restore serotonin levels, and in-
crease BDNF levels, culminating in precognitive effects [120]. Stress favors the colonization
of pathogenic bacteria via the alteration in secretions of intestinal secretory IgA, leading to a
dysfunctional gut-brain axis [78]. A recent study shows that chronic elevation of GC changes
the biodiversity of microbiota by increasing the colonization of pro-inflammatory taxa in-
cluding Proteobacteria. Stress exposure also decreases Clostridiales and Lactobacillus, related
to inflammation. The RT-qPCR analysis of 165 rRNA gene abundance in fecal microbiota
indicates that GC exposure reduces the levels of anti-inflammatory bacteria. Although GC
itself has a strong anti-inflammatory effect, long-term exposure produces an adverse effect,
by acting on the gut microbiota [121]. Stress or GC exposure also alters the circadian clock
and peripheral oscillations. Long-term exogenous dexamethasone administration resulted
in rhythm loss, which may lead to the development of metabolic syndrome-impaired lipid
metabolism and inflammation [122]. Further mucus production is also reduced by Chronic
GC levels, as shown by a reduction in the expression levels of Muc2 and Muc3. The mucus
layer ensures the stability of the gut microbiota and changes in mucus secretion alter bacterial
gut homeostasis. Experimentally, dexamethasone treatment upregulated the expression levels
of colonic antimicrobial peptide-related genes, such as Tlr-2 and Defa8, which is also a direct
factor that can alter bacterial structure [121,123]. Through this discussion, it seems appropriate
to conclude that stress is an interesting player to induce dysbiosis and to proceed to related
pathological progression of AD (Figure 3).

Table 1. Summary of the physiological and stress-mediated pathological outcome of dysbiosis for Alzheimer’s disease.

Physiological Role for Microbiota

Effects of Chronic Stressors on Microbiota

AD Centric Pathologic Outcomes of

[23,34,38,51,75] Mediated Functions [30,34,109-111,124-126] Dysbiosis/Chronic Stress
. Nutrient uptake . Increase in harmful bacteria (Escherichia,
. GIT development Shigella, Proteus, Klebsiella) [12,13]
. Regulation of appetite ° Decrease in symbionts (Lactobaccilus, . AB aggregation [53,92]
° Regulation of Mood Proteobacteria, Actinobacteria, o Tau hyperphosphorylation [103]
. Regulation of circadian rhythm /sleep Bifidobacterium, Cyanobacteria) [15] . Altered BBB permeability [100]
architecture ° Increased Glucocorticoids levels N Decreased neurogenesis [122]
. Neuronal plasticity . Dysfunctional HPA axis [22,106] N Morphological alterations in brain [103]
. Intestinal permeability . Cytokine permeation [49,50] . Neuroinflammation /Microglial
. Modulation of stress response ° Disrupted neurotransmitters [59] activation [79,123-125]
. Regulation of HPA activity . Increased cFOS/p- . Decreased Serotonin/5-HT /DA
. Regulation of trophic factors ° Glycoproteins [60,126,127] functions [65,66]
. Immune signaling . Increased MAMP (LPS) [78] . Decreased hippocampal volume [71,124]
. Neurogenesis ) Decreased BDNEF/trophic factors [60,70] . Insulin resistance [13]
° Glucose metabolism . Increased NFKB signaling [62,128,129] . Apoptotic cell demise [127,129]
. Production of, GABA and monoamines ) Decreased SCFA . Oxidative stress [13]
. Synaptogenesis . (butyrate, propionate, and acetate) [40]
. Synaptic signaling . Disrupted circadian rhythm (altered
° Excitatory/inhibitory neurotransmission melatonin levels) [87]

5. Targets

5.1. Ferulic Acid

GIT: Gastrointestinal Tract; HPA: Hypothalamic pituitary adrenal axis; GABA: gamma-Aminobutyric acid; BDNF: Brain-derived
neurotrophic factor; MAMP: Microbe-Associated Molecular Pattern; NFKB: Nuclear factor-«B; SCFA: Short-chain fatty acids; 5-HT: 5-
hydroxytryptamine; DA: Dopamine.

Ferulic acid (FA) is a phenolic compound densely found in seeds and fruits of plants
and in vegetables. FA is also synthesized by gut microbial species, including L. fermentum
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NCIMB 5221. FA is an excellent free radical scavenger supplemented by anti-inflammatory
action. FA has also shown anti-aging, neuroprotective, and neuroregenerative properties.
It has also shown anti-amyloid properties and the ability to upregulate BDNF and NGF
levels that may be of paramount importance in AD [130-132]. The majority of dietary
polyphenols is not absorbed by the small intestine and gets aggregated in the colon where
microbial species metabolize them to absorbable phenolic acids. The phenolic compounds
have antioxidant and anti-inflammatory properties, and several of them, including caffeic
acid and ferulic acid, are bioactive in inhibiting the generation of beta-amyloid (Af)
peptides. Their anti-amyloid and anti-inflammatory role proven in experimental studies
show that the modulation of microbial pathways may be targeted to unleash the bioactive
potential of these phenolic compounds [133].

5.2. Histamine

Histamine is one of the important neurotransmitters that regulate neuromodulatory
mechanisms important for behavioral alterations. Histamine also has an important role in
immunomodulation, allergic reactions, and inflammatory cascade. Many species, such as
Pediococcus, Lactobacillus, Lactococcus, Streptococcus, and Enterococcus, can secrete
histamine and regulate biologically important levels of histamine [134]. Several probiotics,
such as L. reuteri, exert their immunomodulatory activity and suppress TNF« levels via
histamine production, which reduces activation of TLR-mediated pathways important for
cytokine modulation [135]. Gut histamine is known to have a potential therapeutic effect in
neurodegenerative diseases such as AD by inducing allergy or anti-inflammatory responses
by acting on H4R receptors. However, the CNS responses are receptor-specific [132].

5.3. Ghrelin

Ghrelin is an important biomolecule that affects neurological homeostasis and neuro-
logical functions. The levels of Ghrelin can be modulated through microbiota. It acts as a
satiety hormone and a neuropeptide in the CNS. It is produced when the stomach is empty
to ease the hunger sensation. Ghrelin has an important role in energy homeostasis, neuro-
protection, and immunomodulation. Gut microbial dynamics affect ghrelin production,
and its levels are decreased in the state of dysbiosis (i.e., alteration in populations such
as Bifidobacterium spp.) [136]. Ghrelin shows beneficial effects in experimental models
of neurodegenerative complications owing to its antiapoptotic, antioxidant, and anti-
inflammatory properties, which are complemented by its ability to improve neuronal
plasticity and antiaggregatory role on amyloid-f3. In an experimental setup, exposure to
Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium bifidum, and Lactobacillus fermen-
tum for 12 weeks showed the precognitive effects through the modulation of ghrelin
levels [45].

5.4. BDNF

GF mice also had lower brain-derived neurotrophic factor (BDNF) expression, a pro-
tein which is important for neuronal growth and synaptic plasticity [59]. Probiotic supple-
mentation has shown the promotion of neurogenesis and normalization of the HPA axis.
The increased levels of BDNF improve nutritional status, show the antioxidant property,
and decrease the expression of inflammatory cytokines [137]. Mice deficient in BDNF
show altered development of the GI tract innervations and reduced expression of BDNF
was found to be specifically associated with increased anxiety and progressive cognitive
dysfunction [37]. The probiotic supplementation of VSL#3 (a combination of eight different
strains, namely Streptococcus thermophilus, Bifidobacterium breve, Bifidobacterium longum, Bifi-
dobacterium infantis, Lactobacillus acidophilus, Lactobacillus Plantarum, Lactobacillus paracasei,
and Lactobacillus delbrueckii subspecies Bulgaricus) to aged rats induced a robust perturba-
tion in gut microbiota composition, which was accompanied by gene expression changes
in the brain cortex, attenuated age-related deficits in long-term potentiation, decreased mi-
croglial activation, and increased BDNF and synapsin levels [138]. The deficiency of BDNF
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in germ-free mice not only produces cognitive deficits resembling pathogenesis of AD,
but there is also impairment of vagal sensory innervations, indicating the involvement of
gut microbiota in the regulation of BDNF expression [58].

5.5. Silibinin and Silymarin

Silymarin isolated from milk thistle has been implicated beneficially in liver ailments.
A recent study has found a correlation between silymarin and its active constituent sili-
binin in AD pathology. Although accompanied by drawbacks of poor bioavailability,
further studies are needed to affirm the claim. In a recent study, silibinin and silymarin
alleviated cognitive deficits and reduced plaque burden in the brain of APP/PSlmice.
Silymarin and silibinin altered the microbiota composition in such a way that there was
upregulation of the Akkermansia and Allobaculum genus in microbiota, and the bene-
ficial effects may be attributed to the decrease in D-alanine levels in the AD brain. Sily-
marin and its main active component silybin administration could alleviate the memory
deficits and reduce amyloid plaques in APP/PS1 mice [139]. Silymarin has also shown
beneficial results against oxidative stress-induced neuronal injury, ethanol-induced neu-
rotoxicity, reduced Af levels, and microglial activation and showed behavioral benefits
in AD. Most benefits may be attributed to its upregulation of BDNF levels, antiapoptotic,
neurotrophic, antioxidant, and anti-inflammatory properties, and regulatory check on
neurotransmitter functions [140].

5.6. SCFA

The decreased diversity of microbiota is well documented in AD patients (greater abun-
dance of pro-inflammatory bacterial taxa along with fewer anti-inflammatory taxa [54]).
Among various beneficial metabolites produced by microbiota, short-chain fatty acids
(SCFA) should be given extra attention due to their diverse roles. SCFA are the key me-
diators along the gut-brain axis, resulting in increased microglial activation and ApoE
upregulation, and A3 deposition of SCFA includes acetate (which regulates food intake
and levels of GABA and glutamine), propionate, and butyrate. Butyrate is a major chem-
ical that provides energy to intestinal cells, inhibits histone deacetylases, and alters the
intestinal and neuronal transcription of genes. The dietary-rich supplementation of bu-
tyrate amplifies memory-related genetic programs and restores DNA acetylation and has
shown benefits in AD pathogenies [141]. All three metabolites are present in human CSF
and the concentration of butyrate is increased in the human brain by live Clostridium
butyricum. SCFA has been reported to cross the blood-brain barrier and has a role in
neuronal homeostasis. Germ-free animals have shown reduced expression of tight junction
proteins and have defected BBB permeability. Propionate and butyrate also have a role in
the regulation of intracellular potassium level, cell signaling, and in the regulation of levels
of Serotonin, Dopamine, and Nor-adrenaline; thus, they influence the beneficial effects
of SCFA, which may be attributed to the upregulation of BDNF, NMDA levels, and their
effects on NPY levels and serotonin transporters. Studies on chronic psychosocial stress
have also shown a possible application for prebiotics and SCFAs in reverting cognitive and
neuropsychiatric effects by reducing stress-induced corticosterone release [142].

5.7. Ketogenic Diet (KD)

The KD refers to a diet that may produce physiological ketosis/ketonemia (increase in
ketone bodies in blood). The KD (a diet rich in fat and proteins and poor in carbohydrate
content) is well recognized for its antiepileptic role in pediatric epilepsy has also shown ben-
eficial results in AD. The KD shows anti-inflammatory effects, decreases apolipoprotein E
glycation, modulates neurotransmitter levels, improves mitochondrial deficits, increases in-
sulin sensitivity, and alters the state of hypometabolism (GLUT-1 deficiency) [143,144]
prominent in AD [95]. Many of these effects are attributed to neurotransmitter modulation,
epigenetic modifications, and altered microbiota [145]. A ketogenic diet has been reported
to increase the abundance of intestinal beneficial taxa (Akkermansia muciniphila and Lacto-
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bacillus) and reduce the abundance of intestinal pro-inflammatory taxa (Desulfovibrio and
Turicibacter) [146].

Ketones bodies, acetoacetate, and 3-hydroxybutyrate, which are the main ketone
bodies, have been proven to be neuroprotective and could contribute to the overcoming of
the cognitive deficits that occur with aging through an increase in capillary density and
levels of hypoxia-inducible factors. Considering diet as the main modulator of gut micro-
biota, keto microbiota could be a key factor involved in keto-therapeutic effects, since the
microbiome is a vital network between different organs [147,148]. In AD, the compromised
glucose metabolism correlates with the cognitive performance and the hypometabolic
state is prominent years before the clinical presentations. Elevated ketone levels improve
total energy metabolism in humans, which has also shown positive effects on cognitive
performance [149].

6. Future Perspectives and Conclusions

Several preclinical and clinical studies have documented the benefits of microbial
modulation in several gastrointestinal, endocrinal, metabolic, and neurodegenerative com-
plications. Microbiota also influence the neuropathological cascade of AD and microbiota
modulation has shown encouraging results, including the reduction of amyloid plaques
and neurofibrillary tangles, alleviation of glial responses, and improvement in cognitive
performance. Additionally, in transgenic animals, fecal microbiota transplantation has
been shown to improve synaptic plasticity, decrease plaques and inflammatory medjiators,
cause an overall improvement in pathological markers, and improve cognition [150,151].
The bidirectional communication between gut and brain, the concurrent GIT and neurolog-
ical disorders, and earliest evidence of beneficial effects of laxatives and oral antibiotics in
hepatic encephalopathy has opened new areas of opportunities in the treatment of neurode-
generative disorders. Although it is still premature to decide whether neurodegenerative
and neuropsychiatric alterations precede gut dysfunction and dysbiosis or whether gut
dysfunction and dysbiosis precede brain and behavioral changes, altered microbiota in
these disorders makes a strong point that the modulation of microbial identities may be an
option to treat these complicated pathologies. In AD, altered microbiota-associated inflam-
mation and downregulation of trophic factors and pro-survival signaling pathways make
it a domain worth investigating. Microbiota modulation through probiotics has shown
beneficial effects not only on its pathological markers (A3, NFTs, oxidative stress, gliosis),
but activation of pro-survival mechanisms (BDNF), and their effects on neuronal chemistry
makes the concept fascinating. The exaggerated stress response in mice in a dysbiosis state
and in germ-free mice may help us to conclude that microbiota diversity and composition
may have a role in the calming effect of reconciliation of stress effects. Stress, which is an
inevitable, yet modifiable factor, affects the pathological progression of AD through diverse
mechanisms, including producing a state of dysbiosis. The desirable changes produced
by microbiota and pro/prebiotics on HPA /Stress axis and as a result on AD progression
provides evidence enough to explore it further. The microbial influence on immunomod-
ulation, oxido-reductase status, inflammation, and neuroendocrinal mechanisms speaks
volumes about the importune of healthy microbiota for physiological homeostasis and as
a therapeutic target in neurodegeneration. The interaction and interlinks of microbiota
to the stress axis expand the domain of the gut-brain axis to the gut-brain—stress axis,
and these results are complemented by the proven role of probiotics in the modulation
of these pathways and benefits in AD pathology. In the future, meta transcriptomic and
metabolomic techniques may be an asset to explore the effects of the probiotic intervention
on gut microbiota in the host. Although probiotics have been widely promoted among the
public, there have been some contradictory results, and the adverse profiles (gene transfer
from probiotics to normal microbiota, harmful metabolic effects of probiotics, and immune
system stimulation) need attention.



Biomolecules 2021, 11, 678 20 of 25

Author Contributions: Conceptualization, Conceived and designed the experiments: VK.S., T.G.S;
Analyzed the data, T.G.S., M.M.A -D.; Wrote the manuscript, VK.S., N.G., S.D., S.G.; Editing of the
Manuscript, M.H.R,; AN,; MW.-]., MK,; GM.A, M.FA,, AS., AE.A,; Critically reviewed the article,
T.G.S.,, M.M.A.-D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deanship of Scientific Research at Princess Nourah bint
Abdulrahman University through the Fast-track Research Funding Program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hanaa, R.; Aboelwafa, A.F.; El-kott Eman, M.; Abd, E.; Hany, N. Yousef; The Possible Neuroprotective Effect of Silymarin against
Aluminum Chloride-Prompted Alzheimer’s-Like Disease in Rats. Brain Sci. 2020, 10, 628. [CrossRef]

2. Sharma, VK, Singh, T.G. Navigating Alzheimer’s disease via Chronic Stress: The Role of Glucocorticoids. Curr. Drug Targets
2020, 21, 433-444. [CrossRef] [PubMed]

3. Wong, W. Economic Burden of Alzheimer Disease and Managed Care Considerations. Am. J. Manag. Care 2020, 26, S177-5183.

4. Sharma, VK. Singh, T.G.; Mehta, V. Stressed mitochondria: A target to intrude Alzheimer’s disease. Mitochondrion 2021.
[CrossRef] [PubMed]

5. Blennow, K.; De Leon, M.].; Zetterberg, H. Alzheimer’s disease. Lancet 2006, 368, 387-403. [CrossRef]

6. Pohanka, M. Alzheimer s disease and oxidative stress: A review. Curr. Med. Chem. 2014, 21, 356-364. [CrossRef]

7. Zhao, Y,; Lukiw, W.J. Microbiome-generated amyloid and potential impact on amyloidogenesis in Alzheimer’s disease. ]. Nat. Sci.
2015, 1, e138. [PubMed]

8.  Gubert, C.; Kong, G.; Uzungil, V.; Zeleznikow-Johnston, A.M.; Burrows, E.L.; Renoir, T.; Hannan, A.J. Microbiome Profiling
Reveals Gut Dysbiosis in the Metabotropic Glutamate Receptor 5 Knockout Mouse Model of Schizophrenia. Front. Cell Dev. Biol.
2020, 8, 1233. [CrossRef]

9. Bested, A.C.; Logan, A.C.; Selhub, E.M. Intestinal microbiota, probiotics and mental health: From Metchnikoff to modern
advances: Part I—Autointoxication revisited. Gut Pathog. 2013, 5, 5. [CrossRef] [PubMed]

10.  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]

11.  Chun, C; Eun, H.A; Seong, S.K,; Xia, L.; Ashfaqul, A.; Keqgiang, Y. Gut dysbiosis contributes to amyloid pathology, associated
with C/EBP{/AEP signalling activation in Alzheimer’s disease mouse model. Sci. Adv. 2020, 6, eaba04662.

12.  Sharma, V,; Kaur, A.; Singh, T.G. Counteracting role of nuclear factor erythroid 2-related factor 2 pathway in Alzheimer’s disease.
Biomed. Pharmacother. 2020, 129, 110373. [CrossRef] [PubMed]

13.  Luca, M.; Di Mauro, M.; Di Mauro, M.; Luca, A. Gut Microbiota in Alzheimer’s disease, Depression, and Type 2 Diabetes Mellitus:
The Role of Oxidative Stress. Oxid. Med. Cell Longev. 2019, 2019, 4730539. [CrossRef] [PubMed]

14. Larroya-Garcia, A.; Navas-Carrillo, D.; Orenes-Pifiero, E. Impact of gut microbiota on neurological diseases: Diet composition
and novel treatments. Crit. Rev. Food. Sci. Nutr. 2018, 59, 3102-3116. [CrossRef]

15. Zhuang, Z.Q.; Shen, L.L.; Li, WW.,; Fu, X.; Zeng, F; Gui, L. Gut microbiome is altered in patients with Alzheimer’s disease.
J. Alzheimer’s Dis. 2018, 63, 1337-1346. [CrossRef]

16. Guarner, F; Malagelada, ].R. Gut flora in health and disease. Lancet 2003, 361, 512-519. [CrossRef]

17.  Hornig, M. The role of microbes and autoim- munity in the pathogenesis of neuropsychiatric illness. Curr. Opin. Rheumatol. 2013,
25,488-795. [CrossRef] [PubMed]

18. De, J.R.; De-Paula, V,; Forlenza, A.S.; Forlenza, O.V. Relevance of gut microbiota in cognition, behaviour, and Alzheimer’s disease.
Pharmacol. Res. 2018, 136, 29-34.

19. Bhattacharjee, S.; Lukiw, W.J. Alzheimer’s disease and the microbiome. Front. Cell Neurosci. 2013, 7, 153. [CrossRef] [PubMed]

20. Aziz, Q.; Dore, J.; Emmanuel, A.; Guarner, F.; Quigley, E.M. Gut microbiota and gastrointestinal health: Current concepts and
future directions. Neurogastroenterol. Motil. 2013, 25, 4-15. [CrossRef] [PubMed]

21. Bonfili, L.; Cecarini, V.; Berardi, S.; Scarpona, S.; Suchodolski, J.S.; Nasuti, C.; Fiorini, D.; Boarelli, M.C.; Rossi, G.; Eleuteri, A.M.
Microbiota modulation counteracts Alzheimer’s disease progression influencing neuronal proteolysis and gut hormones plasma
levels. Sci Rep. 2017, 7, 2426. [CrossRef]

22. D’Amico, R; Siracusa, R.; Fusco, R.; Cordaro, M.; Genovese, T.; Peritore, A.F; Gugliandolo, E.; Crupi, R.; Impellizzeri, D.;
Cuzzocrea, S.; et al. Protective effects of Colomast, A New Formulation of Adelmidrol and Sodium Hyaluronate, in A Mouse
Model of Acute Restraint Stress. Int. . Mol. Sci. 2020, 21, 8136. [CrossRef]

23. Cordaro, M.; Scuto, M.; Siracusa, R.; D’amico, R.; Filippo Peritore, A.; Gugliandolo, E.; Fusco, R.; Crupi, R.; Impellizzeri, D.;
Pozzebon, M.; et al. Effect of N-palmitoyl-ethanolamine-oxazoline on comorbid neuropsychiatric disturbance associated with
inflammatory bowel disease. FASEB J. 2020, 34, 4085-4106. [CrossRef] [PubMed]

24. Hill, ].M.; Bhattacharjee, S.; Pogue, A.L; Lukiw, W.J. The gastrointestinal tract microbiome and potential link 758 to Alzheimer’s
disease. Front. Neurol. 2014, 5, 43. [CrossRef] [PubMed]

25.  Schloissnig, S.; Arumugam, M.; Sunagawa, S.; Mitreva, M.; Tap, J.; Zhu, A.; Waller, A.; Mende, D.R.; Kultima, J.R.; Martin, J.; et al.

Genomic variation landscape of the human gut microbiome. Nature 2013, 493, 45-50. [CrossRef]


http://doi.org/10.3390/brainsci10090628
http://doi.org/10.2174/1389450120666191017114735
http://www.ncbi.nlm.nih.gov/pubmed/31625472
http://doi.org/10.1016/j.mito.2021.04.004
http://www.ncbi.nlm.nih.gov/pubmed/33839319
http://doi.org/10.1016/S0140-6736(06)69113-7
http://doi.org/10.2174/09298673113206660258
http://www.ncbi.nlm.nih.gov/pubmed/26097896
http://doi.org/10.3389/fcell.2020.582320
http://doi.org/10.1186/1757-4749-5-5
http://www.ncbi.nlm.nih.gov/pubmed/23506618
http://doi.org/10.1038/s41598-017-13601-y
http://doi.org/10.1016/j.biopha.2020.110373
http://www.ncbi.nlm.nih.gov/pubmed/32603894
http://doi.org/10.1155/2019/4730539
http://www.ncbi.nlm.nih.gov/pubmed/31178961
http://doi.org/10.1080/10408398.2018.1484340
http://doi.org/10.3233/JAD-180176
http://doi.org/10.1016/S0140-6736(03)12489-0
http://doi.org/10.1097/BOR.0b013e32836208de
http://www.ncbi.nlm.nih.gov/pubmed/23656715
http://doi.org/10.3389/fncel.2013.00153
http://www.ncbi.nlm.nih.gov/pubmed/24062644
http://doi.org/10.1111/nmo.12046
http://www.ncbi.nlm.nih.gov/pubmed/23279728
http://doi.org/10.1038/s41598-017-02587-2
http://doi.org/10.3390/ijms21218136
http://doi.org/10.1096/fj.201901584RR
http://www.ncbi.nlm.nih.gov/pubmed/31950563
http://doi.org/10.3389/fneur.2014.00043
http://www.ncbi.nlm.nih.gov/pubmed/24772103
http://doi.org/10.1038/nature11711

Biomolecules 2021, 11, 678 21 of 25

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.
53.

54.

55.

56.

Shanahan, F. The host microbe interface in the gut. Best Pract. Res. Clin. Gastroenterol. 2002, 16, 915-931. [CrossRef]

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]

Mulders, R.J.; de Git, K.C.G.; Schele, E.; Dickson, S.L.; Sanz, Y.; Adan, R.A.H. Microbiota in obesity:Interactions with enteroen-
docrine, immune and central nervous systems. Obes. Rev. 2018, 19, 435-451. [CrossRef]

Gronlund, M.M.; Lehtonen, O.P; Eerola, E.; Kero, P. Fecal microflora in healthy infants born by different methods of delivery:
Permanent changes in intestinal flora after cesarean delivery. ]. Pediatr. Gastroenterol. Nutr. 1999, 28, 19-25. [CrossRef] [PubMed]
Hooper, L.V.; Wong, M.H.; Thelin, A.; Hansson, L.; Falk, P.G.; Gordon, J.I. Molecular analysis of commensal host-microbial
relationships in the intestine. Science 2001, 291, 881-884. [CrossRef]

Holmes, E.; Li, ].V.; Marchesi, ].R.; Nicholson, J.K. Gut microbiota composition and activity in relation to host metabolic phenotype
and disease risk. Cell Metab. 2012, 16, 559-564. [CrossRef]

Yatsunenko, T.; Rey, EE.; Manary, M.].; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.; Hidalgo, G.; Baldassano,
R.N.; Anokhin, A.P. Human gut microbiome viewed across age and geography. Nature 2012, 486, 222-227. [CrossRef]

Qin, J; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, K.S.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F.; Yamada, T,; etal. A
human gut microbial gene catalogue established by metagenomic sequencing. Nature 2010, 464, 59-65. [CrossRef]

Karl, J.P,; Hatch, A.M.; Arcidiacono, S.M.; Pearce, S.C.; Pantoja-Feliciano, 1.G.; Doherty, L.A.; Soares, ].W. Effects of Psychological,
Environmental and Physical Stressors on the Gut Microbiota. Front. Microbiol. 2018, 9, 2013. [CrossRef] [PubMed]

Van Wijk, E; Cheroutre, H. Mucosal T cells in gut homeostasis and inflammation. Expert Rev. Clin. Immunol. 2010, 6, 559-566.
[CrossRef] [PubMed]

Pickard, J.M.; Zeng, M.Y.; Caruso, R.; Nuafiez, G. Gut microbiota: Role in pathogen colonization, immune responses, and
inflammatory disease. Immunol. Rev. 2017, 279, 70-89. [CrossRef]

Giau, V.V,; Wu, S.Y,; Jamerlan, A.; An, S.; Kim, S.Y.; Hulme, J. Gut Microbiota and Their Neuroinflammatory Implications in
Alzheimer’s Disease. Nutrients 2018, 10, 1765. [CrossRef] [PubMed]

Langgartner, D.; Vaihinger, C.A.; Haffner-Luntzer, M.; Kunze, ].E,; Weiss, A.L.J.; Foertsch, S.; Bergdolt, S.; Ignatius, A.; Reber, S.O.
The Role of the Intestinal Microbiome in Chronic Psychosocial Stress-Induced Pathologies in Male Mice. Front. Behav. Neurosci.
2018, 12, 252. [CrossRef] [PubMed]

Gareau, M.G. Cognitive function and the microbiome. Int. Rev. Neurobiol. 2016, 131, 227-246. [CrossRef]

Westfall, S.; Lomis, N.; Kahouli, I; Dia, S.Y.; Singh, S.P.; Prakash, S. Microbiome, probiotics and neurodegenerative diseases:
Deciphering the gut brain axis. Cell. Mol. Life Sci. 2017, 74, 3769-3787. [CrossRef]

Eamonn, M.; Quigley, M. Microbiota-Brain-Gut Axis and Neurodegenerative Diseases. Curr. Neurol. Neurosci. Rep. 2017, 17, 94.
Mayer, E.A ; Tillisch, K.; Gupta, A. Gut/brain axis and the microbiota. J. Clin. Investig. 2015, 125, 926-938. [CrossRef] [PubMed]
Sekirov, L; Russell, S.L.; Antunes, L.C.; Finlay, B.B. Gut microbiota in health and disease. Physiol. Rev. 2010. [CrossRef] [PubMed]
Rogers, G.B.; Keating, D.J.; Young, R.L.; Wong, M.L.; Licinio, J.; Wesselingh, S. From gut dysbiosis to altered brain function
andmental illness: Mechanisms and pathways. Mol. Psychiatry 2016, 21, 738-748. [CrossRef]

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]

O’Hara, A.M.; Shanahan, F. The gut flora as a forgotten organ. EMBO Rep. 2006, 7, 688-693. [CrossRef] [PubMed]

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.

Hawrelak, J.A.; Myers, S.P. The causes of intestinal dysbiosis: A review. Altern. Med. Rev. 2004, 9, 180-197.

Huttenhower, C.; Kostic, A.D.; Xavier, R.J. Inflammatory bowel disease as a model for translating the microbiome. Immunity 2014,
40, 843-854. [CrossRef]

Ding, Y.; Ren, J.; Yu, H.; Yu, W.; Zhou, Y. Porphyromonas gingivalis, a periodontitis causing bacterium, induces memory
impairment and age-dependent neuroinflammation in mice. Immun. Ageing 2018, 15, 6. [CrossRef]

Benakis, C.; Martin-Gallausiaux, C.; Trezzi, ].P.; Melton, P; Liesz, A.; Wilmes, P. The microbiome-gut-brain axis in acute and
chronic brain diseases. Curr. Opin. Neurobiol. 2020, 61, 1-9. [CrossRef]

Gareau, M.G. Microbiota-gut-brainaxisandcognitive function. Adv. Exp. Med. Biol. 2014, 817, 357-371. [CrossRef] [PubMed]
Sudo, N.; Chida, Y.; Aiba, Y.; Sonoda, J.; Oyama, N.; Yu, X.N.; Kubo, C.; Koga, Y. Postnatal microbial colonization programs the
hypothalamic-pituitary-adrenal system for stress response in mice. J. Physiol. 2004, 558, 263-275. [CrossRef]

Jameson, K.G.; Olson, C.A.; Kazmi, S.A.; Hsiao, E.Y. Toward understanding microbiome-neuronal signaling. Mol. Cell 2020.
[CrossRef]

Wang, X.L.; Zeng, ].; Yang, Y.; Xiong, Y.; Zhang, Z.H.; Qiu, M.; Yan, X,; Sun, X.Y.; Tuo, Q.Z,; Liu, R.; et al. Helicobacter pylori
filtrate induces Alzheimer-like tau hyperphosphorylation by activating glycogen synthase kinase-3(3. J. Alzheimers Dis. 2015, 43,
153-165. [CrossRef]

Cattaneo, A.; Cattane, N.; Galluzzi, S.; Provasi, S.; Lopizzo, N.; Festari, 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]


http://doi.org/10.1053/bega.2002.0342
http://doi.org/10.1113/JP273106
http://doi.org/10.1111/obr.12661
http://doi.org/10.1097/00005176-199901000-00007
http://www.ncbi.nlm.nih.gov/pubmed/9890463
http://doi.org/10.1126/science.291.5505.881
http://doi.org/10.1016/j.cmet.2012.10.007
http://doi.org/10.1038/nature11053
http://doi.org/10.1038/nature08821
http://doi.org/10.3389/fmicb.2018.02013
http://www.ncbi.nlm.nih.gov/pubmed/30258412
http://doi.org/10.1586/eci.10.34
http://www.ncbi.nlm.nih.gov/pubmed/20594129
http://doi.org/10.1111/imr.12567
http://doi.org/10.3390/nu10111765
http://www.ncbi.nlm.nih.gov/pubmed/30441866
http://doi.org/10.3389/fnbeh.2018.00252
http://www.ncbi.nlm.nih.gov/pubmed/30464743
http://doi.org/10.1016/bs.irn.2016.08.001
http://doi.org/10.1007/s00018-017-2550-9
http://doi.org/10.1172/JCI76304
http://www.ncbi.nlm.nih.gov/pubmed/25689247
http://doi.org/10.1152/physrev.00045.2009
http://www.ncbi.nlm.nih.gov/pubmed/20664075
http://doi.org/10.1038/mp.2016.50
http://doi.org/10.3389/fnagi.2016.00256
http://www.ncbi.nlm.nih.gov/pubmed/27891089
http://doi.org/10.1038/sj.embor.7400731
http://www.ncbi.nlm.nih.gov/pubmed/16819463
http://doi.org/10.1016/j.immuni.2014.05.013
http://doi.org/10.1186/s12979-017-0110-7
http://doi.org/10.1016/j.conb.2019.11.009
http://doi.org/10.1007/978-1-4939-0897-4_16
http://www.ncbi.nlm.nih.gov/pubmed/24997042
http://doi.org/10.1113/jphysiol.2004.063388
http://doi.org/10.1016/j.molcel.2020.03.006
http://doi.org/10.3233/JAD-140198
http://doi.org/10.1016/j.neurobiolaging.2016.08.019

Biomolecules 2021, 11, 678 22 of 25

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Jiang, C.; Li, G.; Huang, P; Liu, Z.; Zhao, B. The Gut Microbiota and Alzheimer’s Disease. ]. Alzheimers Dis. 2017, 58, 1-15.
[CrossRef]

Hu, X.; Wang, T; Jin, F. Alzheimer’s disease and gut microbiota. Sci. China Life Sci. 2016, 59, 1006-1023. [CrossRef]

Tillisch, K.; Labus, J.; Kilpatrick Jiang, Z.; Stains, J.; Ebrat, B. Consumption of fermented milk product with probiotic modulates
brain activity. Gastroenterology 2013, 144, 1394-1401. [CrossRef]

Lyte, M.; Li, W.; Opitz, N.; Gaykema, R.P.; Goehler, L.E. Induction of anxiety-like behavior in mice during the initial stages of
infection with the agent of murine colonic hyperplasia Citrobacter rodentium. Physiol. Behav. 2006, 89, 350-357. [CrossRef]
Azm, S.A.N,; Djazayeri, A.; Safa, M.; Azami, K.; Ahmadvand, B.; Sabbaghziarani, F. Lactobacilli and Bifidobacteria ameliorate
memory and learning deficits and oxidative stress in beta-amyloid 142 injected rats. Appl. Physiol. Nutr. Metabol. 2018, 43,
718-726.

Yang, X.; Yu, D.; Xue, L.; Li, H.; Du, J. Probiotics modulate the microbiota-gut-brain axis and improve memory deficits in aged
SAMPS8 mice. Acta Pharma. Sin. B 2020, 10, 475-487. [CrossRef]

Mariga, A.; Mitre, M.; Chao, M.V. Consequences of brain-derived neurotrophic factor withdrawal in CNS neurons and implications
in disease. Neurobiol. Dis. 2017, 97, 73-79. [CrossRef] [PubMed]

Nelson, P.T.; Braak, H.; Markesbery, W.R. Neuropathology and cognitive impairment in Alzheimer disease: A complex but
coherent relationship. . Neuropathol. Exp. Neurol. 2009, 68, 1-14. [CrossRef] [PubMed]

Neufeld, K.M.; Kang, N.; Bienenstock, J.; Foster, J.A. Reduced anxiety-like behavior and central neurochemical change in
germ-free mice. Neurogastroenterol. Motil. 2011, 23, 255-264. [CrossRef] [PubMed]

Bailey, M.T.; Cryan, J.F. The microbiome as a key regulator of brain, behaviour and immunity: Commentary on the 2017 named
series. Brain Behav. Immun. 2017, 66, 18-22. [CrossRef] [PubMed]

Oxenkrug, G. Serotonin-kynurenine hypothesis of depression: Historical overview and recent developments. Curr. Drug Targets
2013, 14, 514-521. [CrossRef]

Sims, R.; Hollingworth, P.; Moskvina, V.; Dowzell, K.; O’'Donovan, M.C.; Powell, J.; Lovestone, S.; Brayne, C.; Rubinsztein, D.;
Owen, M.]; et al. Evidence that variation in the oligodendrocyte lineage transcription factor 2 (OLIG2) gene is associated with
psychosis in Alzheimer’s disease. Neurosci. Lett. 2009, 461, 54-59. [CrossRef] [PubMed]

Kaur, H.; Bose, C.; Mande, S.S. Tryptophan Metabolism by Gut Microbiome and Gut-Brain-Axis: An in-silico Analysis. Front.
Neurosci. 2019, 13, 1365. [CrossRef]

Magsood, R.; Stone, T.W. The Gut-Brain Axis, BDNF, NMDA and CNS Disorders. Neurochem. Res. 2016, 41, 2819-2835. [CrossRef]
Caffino, L.; Mottarlini, F; Fumagalli, F. Born to Protect: Leveraging BDNF Against Cognitive Deficit in Alzheimer’s Disease. CNS
Drugs 2020. [CrossRef]

Jang, HM.; Lee, K.E.; Lee, H.J. Immobilization stress-induced Escherichia coli causes anxiety by inducing NF-«B activation through
gut microbiota disturbance. Sci. Rep. 2018, 8, 13897. [CrossRef] [PubMed]

Ma, Q.; Xing, C.; Long, W.; Wang, H.Y;; Liu, Q.; Wang, R.F. Impact of microbiota on central nervous system and neurological
diseases: The gut-brain axis. J. Neuroinflamm. 2019, 16, 53. [CrossRef]

Bistoletti, M.; Caputi, V.; Baranzini, N.; Marchesi, N.; Filpa, V.; Marsili, I. Antibiotic treatment-induced dysbiosis differently affects
BDNF and TrkB expression in the brain and in the gut of juvenile mice. PLoS ONE 2019, 14, e0212856. [CrossRef]

Ranuh, R.; Athiyyah, A.F,; Darma, A.; Risky, V.P; Riawan, W.; Surono, 1.S.; Sudarmo, S.M. Effect of the probiotic Lactobacillus
plantarum 1S-10506 on BDNF and 5HT stimulation: Role of intestinal microbiota on the gut-brain axis. Iran. J. Microbiol. 2019, 11,
145-150. [CrossRef] [PubMed]

Kelly, ].R.; Kennedy, PJ.; Cryan, J.E; Dinan, T.G.; Clarke, G.; Hyland, N.P. Breaking down the barriers: The gut microbiome,
intestinal permeability and stress-related psychiatric disorders. Front. Cell. Neurosci. 2015, 9, 392. [CrossRef] [PubMed]

Houser, M.C.; Tansey, M.G. The gut-brain axis: Is intestinal inflammation a silent driver of Parkinson’s disease pathogenesis? NPJ
Parkinsons Dis. 2017, 3, 3. [CrossRef]

Ait-Belgnaoui, A.; Colom, A.; Braniste, V. Probiotic gut effect prevents the chronic psychological stress-induced brain activity
abnormality in mice. Neurogastroenterol. Motil. 2014, 26, 510-520. [CrossRef] [PubMed]

Erny, D.; Hrabe de Angelis, A.L.; Jaitin, D.; Wieghofer, P.; Staszewski, O.; David, E. Host microbiota constantly control maturation
and function of microglia in the CNS. Nat. Neurosci. 2015, 18, 965-977. [CrossRef]

Askarova, S.; Umbayev, B.; Masoud, A.R.; Kaiyrlykyzy, A.; Safarova, Y.; Tsoy, A.; Olzhayev, F.; Kushugulova, A. The Links
Between the Gut Microbiome, Aging, Modern Lifestyle and Alzheimer’s Disease. Front. Cell. Infect. Microbiol. 2020, 10, 104.
[CrossRef]

Cerovic, M,; Forloni, G.; Balducci, C. Neuroinflammation and the Gut Microbiota: Possible Alternative Therapeutic Targets to
CounteractAlzheimer’s Disease? Front. Aging Neurosci. 2019, 11, 284. [CrossRef]

Kohler, C.A.; Maes, M.; Slyepchenko, A. The gut-brain axis, including the microbiome, leaky gut and bacterial translocation:
Mechanisms and pathophysiological role in Alzheimer’s disease. Curr. Pharm. Des. 2016, 22, 6152-6166. [CrossRef]

Mariat, D.; Firmesse, O.; Levenez, E,; Guimaraes, V.; Sokol, H.; Doré, J.; Corthier, G.; Furet, J.P. The Firmicutes/Bacteroidetes ratio
of the human microbiota changes with age. BMC Microbiol. 2009, 9, 123. [CrossRef] [PubMed]

Zapata, H.J.; Quagliarello, V.J. The microbiota and microbiome in aging: Potential implications in health and age-related diseases.
J. Am. Geriatr. Soc. 2015, 63, 776-781. [CrossRef] [PubMed]


http://doi.org/10.3233/JAD-161141
http://doi.org/10.1007/s11427-016-5083-9
http://doi.org/10.1053/j.gastro.2013.02.043
http://doi.org/10.1016/j.physbeh.2006.06.019
http://doi.org/10.1016/j.apsb.2019.07.001
http://doi.org/10.1016/j.nbd.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27015693
http://doi.org/10.1097/NEN.0b013e3181919a48
http://www.ncbi.nlm.nih.gov/pubmed/19104448
http://doi.org/10.1111/j.1365-2982.2010.01620.x
http://www.ncbi.nlm.nih.gov/pubmed/21054680
http://doi.org/10.1016/j.bbi.2017.08.017
http://www.ncbi.nlm.nih.gov/pubmed/28843452
http://doi.org/10.2174/1389450111314050002
http://doi.org/10.1016/j.neulet.2009.05.051
http://www.ncbi.nlm.nih.gov/pubmed/19477230
http://doi.org/10.3389/fnins.2019.01365
http://doi.org/10.1007/s11064-016-2039-1
http://doi.org/10.1007/s40263-020-00705-9
http://doi.org/10.1038/s41598-018-31764-0
http://www.ncbi.nlm.nih.gov/pubmed/30224732
http://doi.org/10.1186/s12974-019-1434-3
http://doi.org/10.1371/journal.pone.0212856
http://doi.org/10.18502/ijm.v11i2.1077
http://www.ncbi.nlm.nih.gov/pubmed/31341569
http://doi.org/10.3389/fncel.2015.00392
http://www.ncbi.nlm.nih.gov/pubmed/26528128
http://doi.org/10.1038/s41531-016-0002-0
http://doi.org/10.1111/nmo.12295
http://www.ncbi.nlm.nih.gov/pubmed/24372793
http://doi.org/10.1038/nn.4030
http://doi.org/10.3389/fcimb.2020.00104
http://doi.org/10.3389/fnagi.2019.00284
http://doi.org/10.2174/1381612822666160907093807
http://doi.org/10.1186/1471-2180-9-123
http://www.ncbi.nlm.nih.gov/pubmed/19508720
http://doi.org/10.1111/jgs.13310
http://www.ncbi.nlm.nih.gov/pubmed/25851728

Biomolecules 2021, 11, 678 23 of 25

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Biagi, E.; Nylund, L.; Candela, M.; Ostan, R.; Bucci, L.; Pini, E.; Nikkila, J.; Monti, D.; Satokari, R.; Franceschi, C.; et al. Through
ageing, and beyond: Gut microbiota and inflammatory status in seniors and centenarians. PLoS ONE 2010, 5, e10667. [CrossRef]
Shokri-Kojori, E.; Wang, G.-J.; Wiers, C.E.; Demiral, S.B.; Guo, M.; Kim, S.W.; Lindgren, E.; Ramirez, V.; Zehra, A.; Freeman, C.;
et al. B-Amyloid accumulation in the human brain after one night of sleep deprivation. Proc. Natl. Acad. Sci. USA 2018, 115,
4483-4488. [CrossRef]

Smith, R.P,; Easson, C.; Lyle, S.M.; Kapoor, R.; Donnelly, C.P.; Davidson, E.J.; Parikh, E.; Lopez, ].V.; Tartar, ].L. Gut microbiome
diversity is associated with sleep physiology in humans. PLoS ONE 2019, 14, e0222394. [CrossRef] [PubMed]

Sharma, V.K; Singh, T.G. Insulin resistance and bioenergetic manifestations: Targets and approaches in Alzheimer’s disease. Life
Sci. 2020, 262, 118401. [CrossRef] [PubMed]

Jucker, M.; Walker, L.C. Self-propagation of pathogenic protein aggregates in neurodegenerative diseases. Nature 2013, 501, 45-51.
[CrossRef]

Lim, J.E.; Kou, J.; Song, M.; Pattanayak, A.; Jin, J.; Lalonde, R.; Fukuchi, K. MyD88 deficiency ameliorates 3-amyloidosis in an
animal model of Alzheimer’s disease. Am. |. Pathol. 2011, 179, 1095-1103. [CrossRef] [PubMed]

Allen, H.B. Alzheimer’s disease: Assessing the role of spirochetes, biofilms, the immune system, and amyloid-f with regard to
potential treatment and prevention. J. Alzheimers Dis. 2016, 53, 1271-1276. [CrossRef] [PubMed]

Zhao, Y.; Dua, P,; Lukiw, W.J. Microbial sources of amyloid and relevance to amyloidogenesis and Alzheimer’s disease (AD).
J. Alzheimers Dis. Parkinsonism 2015, 5, 177. [PubMed]

Friedland, R.P.; Chapman, M.R. The role of microbial amyloid in neurodegeneration. PLoS Pathog. 2017, 13, €1006654. [CrossRef]
[PubMed]

Hufnagel, D.A.; Tukel, C.; Chapman, M.R. Disease to 1322 dirt: The biology of microbial amyloids. PLoS Pathog. 2013, 9, e1003740.
[CrossRef] [PubMed]

Schwartz, K.; Boles, B.R. Microbial amyloids—Functions and interactions within the host. Curr. Opin. Microbiol. 2013, 16, 93-99.
[CrossRef]

Friedland, R.P. Mechanisms of molecular mimicry involving the microbiota in neurodegeneration. . Alzheimers Dis. 2015, 45,
349-362. [CrossRef]

Sharma, VK., Mehta, V,; Singh, T.G. Alzheimer’s Disorder: Epigenetic Connection and Associated Risk Factors.
Curr. Neuropharmacol. 2020, 18, 740-753. [CrossRef]

Vermeiren, J.; Van de Wiele, T.; Verstraete, W.; Boeckx, P.; Boon, N. Nitric oxide production by the human intestinal microbiota by
dissimilatory nitrate reduction to ammonium. J. Biomed. Biotechnol. 2009, 2009, 284718. [CrossRef] [PubMed]

Cowan, T.E.; Palmnas, M.S.A; Yang, J.; Bomhof, M.R.; Ardell, K.L.; Reimer, R.A.; Vogel, H].; Shearer, J. Chronic coffee
consumption in the diet-induced obese rat: Impact on gut microbiota and serum metabolomics. J. Nutr. Biochem. 2014, 25, 489-495.
[CrossRef]

Moco, S.; Martin, EPJ.; Rezzi, S. Metabolomics view on gut microbiome modulation by polyphenol-rich foods. J. Proteome Res.
2012, 11, 4781-4790. [CrossRef]

Verbanac, D.; Males, Z.; Barisi¢, K. Nutrition—Facts and myths. Acta Pharm. 2019, 69, 497-510. [CrossRef]

Braniste, V.; Al-Asmakh, M.; Kowal, C.; Anuar, F.; Abbaspour, A.; Toth, M.; Korecka, A.; Bakocevic, N.; Guan, N.L.; Kundu, P.;
et al. The gut microbiota influences blood-brain barrier permeability in mice. Sci. Transl. Med. 2014, 6, 263ral58. [CrossRef]
[PubMed]

Dong, O.S.; David, M.; Holtzman, M.D. Gut Microbiota: From the Forgotten Organ to a Potential Key Player in the Pathology of
Alzheimer’s Disease. |. Gerontol. 2020, 75, 1232-1241.

Goyal, A.; Kumar, S.; Nagpal, M.; Singh, I.; Arora, S. Potential of novel drug delivery systems for herbal drugs. Indian . Pharm.
Educ. Res. 2011, 45, 225-235.

Sharma, V.K,; Singh, T.G. CREB: A Multifaceted Target for Alzheimer’s Disease. Curr. Alzheimer Res. 2020, 17, 1280-1293.
[CrossRef]

Kaur, P; Singh, T.G.; Kaur, A.; Dhiman, S.; Arora, S. Ameliorative effect of trigonelline in restraint stress-induced behavioral
alterations in mice. J. Appl. Pharm. Sci. 2021, 11, 54-62.

Silverman, M.N.; Sternberg, E.M. Glucocorticoid regulation of inflammation and its behavioral and metabolic correlates: From
HPA axis to glucocorticoid receptor dysfunction. Ann. New York Acad. Sci. 2012, 1261, 55. [CrossRef] [PubMed]

McEwen, B.S.; Gianaros, PJ. Stress- and allostasis-induced brain plasticity. Annu. Rev. Med. 2012, 62, 431-445. [CrossRef]
[PubMed]

Davidson, G.L.; Cooke, A.C.; Johnson, C.N.; Quinn, J.L. The gut microbiome as a driver of individual variation in cognition and
functional behaviour. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2018, 373, 1756. [CrossRef]

Forsythe, P.; Kunze, W.A.; Bienenstock, ]. On communication between gut microbes and the brain. Curr. Opin. Gastroenterol. 2012,
28, 557-562. [CrossRef]

Foster, ].A.; Mc, V.; Neufeld, K.A. Gut brain axis: How the microbiome influences anxiety and depression. Trends Neurosci. 2013,
36, 305-312. [CrossRef]

Vagnerovd, K.; Vodi¢ka, M.; Hermanova, P.; Ergang, P; Srtitkova, D.; Klusoniova, P; Balounova, K.; Hudcovic, T.; Pacha, J.
Interactions between Gut Microbiota and Acute Restraint Stress in Peripheral Structures of the Hypothalamic-Pituitary-Adrenal
Axis and the Intestine of Male Mice. Front. Immunol. 2019, 10, 2655. [CrossRef]


http://doi.org/10.1371/annotation/df45912f-d15c-44ab-8312-e7ec0607604d
http://doi.org/10.1073/pnas.1721694115
http://doi.org/10.1371/journal.pone.0222394
http://www.ncbi.nlm.nih.gov/pubmed/31589627
http://doi.org/10.1016/j.lfs.2020.118401
http://www.ncbi.nlm.nih.gov/pubmed/32926928
http://doi.org/10.1038/nature12481
http://doi.org/10.1016/j.ajpath.2011.05.045
http://www.ncbi.nlm.nih.gov/pubmed/21763676
http://doi.org/10.3233/JAD-160388
http://www.ncbi.nlm.nih.gov/pubmed/27372648
http://www.ncbi.nlm.nih.gov/pubmed/25977840
http://doi.org/10.1371/journal.ppat.1006654
http://www.ncbi.nlm.nih.gov/pubmed/29267402
http://doi.org/10.1371/journal.ppat.1003740
http://www.ncbi.nlm.nih.gov/pubmed/24278013
http://doi.org/10.1016/j.mib.2012.12.001
http://doi.org/10.3233/JAD-142841
http://doi.org/10.2174/1570159X18666200128125641
http://doi.org/10.1155/2009/284718
http://www.ncbi.nlm.nih.gov/pubmed/19888436
http://doi.org/10.1016/j.jnutbio.2013.12.009
http://doi.org/10.1021/pr300581s
http://doi.org/10.2478/acph-2019-0051
http://doi.org/10.1126/scitranslmed.3009759
http://www.ncbi.nlm.nih.gov/pubmed/25411471
http://doi.org/10.2174/1567205018666210218152253
http://doi.org/10.1111/j.1749-6632.2012.06633.x
http://www.ncbi.nlm.nih.gov/pubmed/22823394
http://doi.org/10.1146/annurev-med-052209-100430
http://www.ncbi.nlm.nih.gov/pubmed/20707675
http://doi.org/10.1098/rstb.2017.0286
http://doi.org/10.1097/MOG.0b013e3283572ffa
http://doi.org/10.1016/j.tins.2013.01.005
http://doi.org/10.3389/fimmu.2019.02655

Biomolecules 2021, 11, 678 24 of 25

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Aurelijus, B.; Silvia, A.; Rachel, D.M.; Veronica, L.P; Kiera, M.; Gerard, C.; Catherine, S.; Timothy, G.D.; John, EC. Targeting the
Microbiota-Gut-Brain Axis: Prebiotics Have Anxiolytic and Antidepressantlike Effects and Reverse the Impact of Chronic Stress
in Mice. Biol. Psychiatry. 2017, 82, 472-487.

Galley, J.D.; Bailey, M. T. Impact of stressor exposure on the interplay between commensal microbiota and host inflammation. Gut
Microbes 2014, 5, 390-396. [CrossRef]

Gareau, M.G.; Wine, E.; Rodrigues, D.M.; Cho, ].H.; Whary, M.T.; Philpott, D.J.; MacQueen, G.; Sherman, P.M. Bacterial infection
causes stress-induced memory dysfunction in mice. Gut 2011, 60, 307-317. [CrossRef]

Mudd, A.T,; Berding, K.; Wang, M.; Donovan, S.M.; Dilger, R.N. Serum cortisol mediates the relationship between fecal
Ruminococcus and brain Nacetylaspartate in the young pig. Gut Microbes 2017, 8, 589—-600. [CrossRef] [PubMed]
Garcia-Rodenas, C.L.; Bergonzelli, G.E.; Nutten, S. Nutritional approach to restore impaired intestinal barrier function and
growth after neonatal stress in rats. |. Pediatr. Gastroenterol. Nutr. 2006, 43, 16-24. [CrossRef]

Soderholm, J.D.; Perdue, M.H. Physiology of the Gastrointestinal Tract; Johnson, L., Ed.; Elsevier Academic Press: Cambridge, MA,
USA, 2006; pp. 763-780.

Femke, L.; Louis, M.A.; Akkermans, J.; Soderholm, D. The Role of Microbiota and Probiotics in Stress-Induced Gastrointestinal
Damage. Curr. Mol. Med. 2008, 8, 282-298.

Liang, S.; Wang, T.; Hu, X.; Luo, J.; Li, W.; Wu, X.; Duan, Y,; Jin, F. Administration of Lactobacillus helveticus NS8 improves
behavioral, cognitive, and biochemical aberrations caused by chronic restraint stress. Neuroscience 2015, 310, 561-577. [CrossRef]
[PubMed]

Wu, T,; Yang, L,; Jiang, J.; Ni, Y.; Zhu, J.; Zheng, X.; Wang, Q.; Lu, X.; Fu, Z. Chronic glucocorticoid treatment induced circadian
clock disorder leads to lipid metabolism and gut microbiota alterations in rats. Life Sci. 2018, 192, 173-182.

Wu, T.; Guo, A.; Shu, Q.; Qi, Y;; Kong, Y.; Sun, Z; Sun, S.; Fu, Z. L-Carnitine intake prevents irregular feeding-induced obesity
and lipid metabolism disorder. Gene 2015, 554, 148-154. [CrossRef] [PubMed]

Hoskins, L.C. Mucin degradation in the human gastrointestinal tract and its significance to enteric microbial ecology. Eur. J.
Gastroenterol. Hepatol. 1993, 5, 205-213. [CrossRef]

Liu, S.; Gao, ].; Zhu, M,; Liu, K.; Zhang, H.L. Microbiota and Dysbiosis in Alzheimer’s Disease: Implications for Pathogenesis and
Treatment. Mol. Neurobiol. 2020, 57, 5026-5043. [CrossRef] [PubMed]

Megur, A.; Baltriukiene, D.; ‘Bukelskiene, V.; Burokas, A. The Microbiota-Gut-Brain Axis and Alzheimer’s Disease: Neuroinflam-
mation Is to Blame? Nutrients 2021, 13, 37. [CrossRef] [PubMed]

Rothman, S.M.; Mattson, M.P. Adverse stress, hippocampal networks, and Alzheimer’s disease. Neuromol. Med. 2010, 12, 56-70.
[CrossRef] [PubMed]

Li, G,; Hu, X; Sun, L.; Li, X;; Li, J.; Li, T.; Zhang, X. C-fos upregulates P-glycoprotein, contributing to the development of
multidrug resistance in HEp-2 laryngeal cancer cells with VCR-induced resistance. Cell. Mol. Biol. Lett. 2018, 23, 1-12. [CrossRef]
[PubMed]

Madore, C.; Yin, Z.; Leibowitz, J.; Butovsky, O. Microglia, Lifestyle Stress, and Neurodegeneration. Immunity 2020, 52, 222-240.
[CrossRef]

Zhu, F; Li, C.; Chu, F; Tian, X.; Zhu, J. Target Dysbiosis of Gut Microbes as a Future Therapeutic Manipulation in Alzheimer’s
Disease. Front. Aging Neurosci. 2020, 12, 544235. [CrossRef] [PubMed]

Singh, S.; Singh, T.G. Role of Nuclear Factor Kappa B (NF-«B) Signalling in Neurodegenerative Diseases: An Mechanistic
Approach. Curr. Neuropharmacol. 2020, 18, 918-935. [CrossRef]

Yan, ] J.; Jung, J.S.; Kim, TK.; Hasan, M.A.; Hong, C.W.; Nam, ].S.; Song, D K. Protective effects of ferulic acid in amyloid precursor
protein plus presenilin-1 transgenic mouse model of Alzheimer disease. Biol. Pharm. Bull. 2013, 36, 140-143. [CrossRef] [PubMed]
Yahfoufi, N.; Matar, C.; Ismail, N. Adolescence and Aging: Impact of Adolescence Inflammatory Stress and Microbiota Alterations
on Brain Development, Aging, and Neurodegeneration. J. Gerontol. A Biol. Sci. Med. Sci. 2020, 75, 1251-1257. [CrossRef]

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]
[PubMed]

Thomas, C.M.; Hong, T.; van Pijkeren, ].P.; Hemarajata, P; Trinh, D.V.; Hu, W.; Britton, R.A.; Kalkum, M.; Versalovic, J. Histamine
derived from probiotic Lactobacillus reuteri suppresses TNF via modulation of PKA and ERK signaling. PLoS ONE 2012, 7,
€31951. [CrossRef]

Rehni, A.K; Singh, T.G.; Singh, N.; Arora, S. Tramadol-induced seizurogenic effect: A possible role of opioid-dependent histamine
(H1) receptor activation-linked mechanism. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2010, 381, 11. [CrossRef]

Queipo-Ortufio, M.L; Seoane, L.M.; Murri, M.; Pardo, M.; Gomez-Zumaquero, ].M.; Cardona, F.; Casanueva, F,; Tinahones, EJ.
Gut microbiota composition in male rat models under different nutritional status and physical activity and its association with
serum leptin and ghrelin levels. PLoS ONE 2013, 8, e65465. [CrossRef]

Ventura, M.; O’Flaherty, S.; Claesson, M.].; Turroni, F.; Klaenhammer, T.R.; van Sinderen, D.; O’Toole, PW. Genome-scale analyses
of health-promoting bacteria: Probiogenomics. Nat. Rev. Microbiol. 2009, 7, 61-71. [CrossRef] [PubMed]

Distrutti, E.; O’Reilly, J.A.; Mc, D.C.; Cipriani, S.; Renga, B.; Lynch, M.A.; Fiorucci, S. Modulation of intestinal microbiota by the
probiotic VSL#3 resets brain gene expression and ameliorates the age-related deficit in LTP. PLoS ONE 2014, 9, e106503. [CrossRef]


http://doi.org/10.4161/gmic.28683
http://doi.org/10.1136/gut.2009.202515
http://doi.org/10.1080/19490976.2017.1353849
http://www.ncbi.nlm.nih.gov/pubmed/28703640
http://doi.org/10.1097/01.mpg.0000226376.95623.9f
http://doi.org/10.1016/j.neuroscience.2015.09.033
http://www.ncbi.nlm.nih.gov/pubmed/26408987
http://doi.org/10.1016/j.gene.2014.10.040
http://www.ncbi.nlm.nih.gov/pubmed/25445284
http://doi.org/10.1097/00042737-199304000-00004
http://doi.org/10.1007/s12035-020-02073-3
http://www.ncbi.nlm.nih.gov/pubmed/32829453
http://doi.org/10.3390/nu13010037
http://www.ncbi.nlm.nih.gov/pubmed/33374235
http://doi.org/10.1007/s12017-009-8107-9
http://www.ncbi.nlm.nih.gov/pubmed/19943124
http://doi.org/10.1186/s11658-017-0063-z
http://www.ncbi.nlm.nih.gov/pubmed/29308067
http://doi.org/10.1016/j.immuni.2019.12.003
http://doi.org/10.3389/fnagi.2020.544235
http://www.ncbi.nlm.nih.gov/pubmed/33132894
http://doi.org/10.2174/1570159X18666200207120949
http://doi.org/10.1248/bpb.b12-00798
http://www.ncbi.nlm.nih.gov/pubmed/23075678
http://doi.org/10.1093/gerona/glaa006
http://doi.org/10.1080/14737175.2018.1400909
http://www.ncbi.nlm.nih.gov/pubmed/29095058
http://doi.org/10.1371/journal.pone.0031951
http://doi.org/10.1007/s00210-009-0476-y
http://doi.org/10.1371/journal.pone.0065465
http://doi.org/10.1038/nrmicro2047
http://www.ncbi.nlm.nih.gov/pubmed/19029955
http://doi.org/10.1371/journal.pone.0106503

Biomolecules 2021, 11, 678 25 of 25

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Shen, L.; Liu, L.; Li, X.Y.; Ji, H.F. Regulation of gut microbiota in Alzheimer’s disease mice by silibinin and silymarin and their
pharmacological implications. Appl. Microbiol. Biotechnol. 2019, 103, 7141-7149. [CrossRef]

Antonella, A.; Simona, T.; Flavia, M. Natural Compounds as Beneficial Antioxidant Agents in Neurodegenerative Disorders: A
Focus on Alzheimer’s Disease. Antioxidants 2019, 8, 608. [CrossRef]

Nagpal, R.; Neth, B.J.; Wang, S.; Craft, S.; Yadav, H. Modified Mediterranean-ketogenic diet modulates gut microbiome and
short-chain fatty acids in association with Alzheimer’s disease markers in subjects with mild cognitive impairment. EBioMedicine
2019, 47, 529-542. [CrossRef]

Silva, Y.P; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids from Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef]

Davis, ].J.; Fournakis, N.; Ellison, J. Ketogenic Diet for the Treatment and Prevention of Dementia: A Review. ]. Geriatr.
Psychiatry Neurol. 2020. [CrossRef]

Lindefeldt, M.; Eng, A.; Darban, H.; Bjerkner, A.; Zetterstrom, C.K.; Allander, T.; Andersson, B.; Borenstein, E.; Dahlin, M.;
Prast-Nielson, S. The ketogenic diet influences taxonomic and functional composition of the gut microbiota in children with
severe epilepsy. npj Biofilms Microbiomes 2019, 5, 5. [CrossRef]

Cabrera-Mulero, A.; Tinahones, A.; Bandera, B. Keto microbiota: A powerful contributor to host disease recovery. Rev. Endocr.
Metab. Disord. 2019, 20, 415-425. [CrossRef] [PubMed]

Westfall, S.; Lomis, N.; Prakash, S.A. Novel synbiotic delays Alzheimer’s disease onset via combinatorial gut-brain-axis signaling
in Drosophila melanogaster. PLoS ONE 2019, 14, e0214985. [CrossRef] [PubMed]

Yang, H.; Shan, W.; Zhu, F; Wu, ].; Wang, Q. Ketone Bodies in Neurological Diseases: Focus on Neuroprotection and Underlying
Mechanisms. Front. Neurol. 2019, 10, 585. [CrossRef] [PubMed]

Sanchez, B.; Delgado, S.; Blanco-Miguez, A.; Lourengo, A.; Gueimonde, M.; Margolles, A. Probiotics, gut microbiota, and their
influence on host health and disease. Mol. Nutr. Food Res. 2017, 61, 1600240. [CrossRef]

Jensen, N.J.; Wodschow, H.Z.; Nilsson, M.; Rungby, J. Effects of Ketone Bodies on Brain Metabolism and Function in Neurodegen-
erative Diseases. Int. J. Mol. Sci. 2020, 21, 8767. [CrossRef]

Kim, M.S,; Kim, Y.; Choi, H.; Kim, W.; Park, S.; Lee, D.; Kim, D.K; Kim, H.J.; Choi, H.; Hyun, D.W,; et al. Transfer of a healthy
microbiota reduces amyloid and tau pathology in an Alzheimer’s disease animal model. Gut 2019, 69, 283-294. [CrossRef]

Sun, J.; Xu, J,; Ling, Y.; Wang, F.; Gong, T.; Yang, C.; Ye, S.; Ye, K.; Wei, D.; Song, Z.; et al. Fecal microbiota transplantation alleviated
Alzheimer’s disease-like pathogenesis in APP/PS1 transgenic mice. Transl. Psychiatry 2019, 9, 189. [CrossRef] [PubMed]


http://doi.org/10.1007/s00253-019-09950-5
http://doi.org/10.3390/antiox8120608
http://doi.org/10.1016/j.ebiom.2019.08.032
http://doi.org/10.3389/fendo.2020.00025
http://doi.org/10.1177/0891988720901785
http://doi.org/10.1038/s41522-018-0073-2
http://doi.org/10.1007/s11154-019-09518-8
http://www.ncbi.nlm.nih.gov/pubmed/31720986
http://doi.org/10.1371/journal.pone.0214985
http://www.ncbi.nlm.nih.gov/pubmed/31009489
http://doi.org/10.3389/fneur.2019.00585
http://www.ncbi.nlm.nih.gov/pubmed/31244753
http://doi.org/10.1002/mnfr.201600240
http://doi.org/10.3390/ijms21228767
http://doi.org/10.1136/gutjnl-2018-317431
http://doi.org/10.1038/s41398-019-0525-3
http://www.ncbi.nlm.nih.gov/pubmed/31383855

	Introduction 
	Microbiota-Physiological Role: Gut Brain Axis 
	Microbiota in AD 
	Microbiota, Neurotransmitters, and Trophic Factors 
	AD: Microbiota, Inflammation, and Dysbiosis 
	Age, AD, and Microbiota 
	Sleep Deprivation, AD, and Microbiota 
	Amyloid Accumulation, AD, and Microbiota 
	Microbiota, Inflammation, and Oxidative Stress 
	Dietary Intervention in AD and Microbiota 
	AD, Blood Brain Barrier, and Microbiota 

	Stress in AD 
	Targets 
	Ferulic Acid 
	Histamine 
	Ghrelin 
	BDNF 
	Silibinin and Silymarin 
	SCFA 
	Ketogenic Diet (KD) 

	Future Perspectives and Conclusions 
	References

