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Alzheimer’s disease is a fatal neurodegenerative disorder that causes memory loss and cognitive decline in older
people. There is increasing evidence suggesting that gut microbiota alteration is a cause of Alzheimer’s disease
pathogenesis. This review explores the link between gut dysbiosis and the development of Alzheimer’s disease
contributing to neuroinflammation, amyloid f accumulation, and cognitive decline. We examine the recent
studies that illustrate the gut-brain axis (GBA) as a bidirectional communication between the gut and brain and

how its alteration can influence neurological health. Furthermore, we discuss the potential of probiotic sup-
plementation as a management approach to restore gut microbiota balance, and ultimately improve cognitive
function in AD patients. Based on current research findings, this review aims to provide insights into the
promising role of probiotics in Alzheimer’s disease management and the need for further investigation into
microbiota-targeted interventions.

1. Introduction

One of the most highly lethal neurodegenerative diseases in the
world is Alzheimer’s disease (Igbal et al., 2024). According to studies, 50
million people are affected by Alzheimer’s disease, with most victims
being between 65 and 80 years old. Most individuals with this neuro-
degenerative illness are older people (Luca et al., 2019). Amyloid Beta
(Ap) plaques and hyperphosphorylated tau neurofibrils slowly accu-
mulate throughout the disease, causing neuroinflammation and a pro-
gressive loss of cognitive function (Varesi et al., 2022). Alzheimer’s
disease usually appears as late-onset, sporadic occurrences at the age 65
years of age and older. In addition to Autosomal dominant genetic
mutations in presenilin (PSEN1 & PSEN2) that cause disease, amyloid
precursor protein, the primary genetic risk factor has been determined
to be the apolipoprotein E4 allele (APOE E4) (Virgilio et al., 2022).
Alzheimer’s disease is the most common kind of dementia, with a pre-
dominance of cognitive abnormalities as symptoms, including memory
loss, personality disorders, and judgmental disorders. Dementia is the
aggregate term for symptoms including loss of memory, mental decline,
and aberrant behavior (Dissanayaka et al., 2024). The network of bidi-
rectional communication that exists between the gastrointestinal tract

* Corresponding author.
E-mail address: ankulsingh57 @gmail.com (A. Singh S).

https://doi.org/10.1016/j.ibneur.2024.11.004

(gut) and the central nervous system (CNS), which includes the brain, is
known as the "gut-brain axis" (GBA). Multiple routes in this intricate
system enable the gut to affect brain function and the brain to influence
gut function (Ashique et al., 2024a). Investigations on the connection
between gut microbiota and brain function could provide significant
new insights into the early diagnosis and treatment of neurodegenera-
tive illnesses like Alzheimer’s Disease (Cryan et al., 2019; Dinan and
Cryan, 2017). Maintaining homeostasis depends on the axis of the brain
is the communication connection between the brain and the digestive
tract. It functions through hormonal signals, immunological processes,
and neurological pathways (Enteric nervous system (ENS) and CNS)
(Mayer, 2011). Microbiota and its byproducts have been demonstrated
to affect intestinal permeability, intestinal motility, and the operation of
the central nervous system and enteric nervous system (Galland, 2014).
After birth, an infant’s gut microbiota develops, and bacteria start to
colonies a fetus’s intestines in the lower uterus (Mondot et al., 2013).
There are usually two major shifts that occur during infancy that lead to
the establishment of a steady gut microbiota. The first shift, which is
caused by nursing and occurs soon after birth, results in the prepon-
derance of Bifidobacterium in the gut microbiota. The second transition
happens when solid meals are added while breastfeeding is still being
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done throughout the weaning phase. In this phase, Bacteroidota and
Bacillota emerge as the dominant phylum and the microbiota becomes
more complex, akin to that of an adult. These modifications last until
approximately the age of three, at which point humans develop stable
"Enterotypes “a balanced host-microbiota symbiosis in their gut micro-
biomes (Sarkar et al., 2021). Gut Microbiome refers to the entire
collection of genetic material within the microorganisms living in the
gut. It encompasses all the genomes of the bacteria, viruses, fungi, and
other microbes that inhabit the digestive tract. The microbiome is
responsible for producing various metabolites, influencing digestion,
immunity, and even mental health.

Gut Microbiota refers specifically to the actual microorganisms
themselves—bacteria, archaea, fungi, and viruses—that reside in the
gastrointestinal tract. It is the physical community of these microbes that
directly interacts with the host’s body and is a critical component in
various physiological processes, such as nutrient absorption and im-
mune function. The colonization of the infant’s gut microbiota is
dominated by the maternal microbiome, and the use of antibiotics by the
mother during pregnancy may disrupt this process. Such alterations
could have a major effect on the immunological development of new-
borns (Tanaka and Nakayama, 2017). Pregnancy-related variables,
including the use of antibiotics, have been connected to the delayed
colonization of several microorganisms, especially Lactobacillus species
and Bifidobacterium. Due to the beneficial qualities of these species, there
may be long-term effects from this delay (Riverol and Lopez, 2011).
Furthermore, evidence has shown that children of smoking mothers are
more likely to develop Inflammatory Bowel Disease, possibly because of
disturbed microbial colonization. It is noteworthy that there was a
correlation between the reduced amount of Bacteroidota and Pseudo-
monadota and an elevated amount of Bacillota and Actinomycetota
following smoking cessation and emerging research suggests several
important links between the two, primarily through mechanisms
involving chronic inflammation, the gut-brain axis, and microbiome
alterations (Nguyen et al., 2023). A wide variety of bacteria can be found
in the human colon, although the most prevalent genera include those of
Bacteroides, Bifidobacterium, Eubacterium, Clostridium, Lactobacillus, and
gram-positive cocci. Each human carries several hundred different types
of microbes, each with a specific mix of dominating species. The
gastrointestinal microbiota in adults tends to remain stable over months,
unlike the highly dynamic and changing microbiota in infants.
Furthermore, numerous studies have highlighted the significance of gut
microbiota in influencing the development or progression of neurode-
generative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s
diseases (Lloyd and Tahon, 2022). Many medical conditions have been
linked to disruptions in bacterial populations and decreased variety,
which are signs of dysbiosis in the gut microbiota. An elevated amount
of evidence suggests that gastrointestinal dysfunction and abnormal
microbial composition may play an important role in the development of
Alzheimer’s disease and other neurodegenerative disorders. This rela-
tionship draws attention to the complex link between the gastrointes-
tinal microbiota and human health outside of gastrointestinal functions
and underscores the significant impact of gut health on brain disorders
(Jemimah et al., 2023). By synthesizing current research findings, this
review aims to provide insights into the promising role of probiotics in
Alzheimer’s disease management and the need for further investigation
into microbiota-targeted interventions. Therefore, our study aimed to
find whether probiotics could be an alternate approach to modulating
gastrointestinal microbiota in the management of Alzheimer’s disease.

2. Composition and function of gut microbiota

The brain-gut axis connects the brain’s emotional and cognitive
centers with peripheral intestinal activities through the bidirectional
connection between the central and enteric nerve systems (Wojtus et al.,
2024; J. Liu et al., 2022). Through neurological, hormonal, and immu-
nological pathways, this axis influences various physiological functions,
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including digestion, mood regulation, immune responses, and even
stress levels (McGuinness et al., 2022).The microbiome is an assemblage
of diverse microbial communities, comprising bacteria, fungi, and mi-
crobes, that are found in different parts of the human body (Li et al.,
2020). The gut contains the majority of human microorganisms, which
include about 1000 distinct bacterial species and almost 150 times more
genes than the human genome (Liu et al., 2035a). The three kingdoms
into which life is divided are bacteria, Archaea, and Eukaryota.
Numerous phyla (plural of phylum, the main taxonomic division that
encompasses one or more classes, exist for bacteria, but the majority of
them are represented by just a few phyla, which together account for
over 160 species. The majority of bacterial types present in a typical,
healthy gut include Firmicutes Bacillota, Bacteroidetes Bacteroidota, Acti-
nobacteria Actinomycetota, Proteobacteria Pseudomonadota, Fusobacteria,
and Verrucomicrobia. Firmicutes Bacillota and Bacteroidetes Bacteroidota,
combined make up about 90 % of the gut’s microbial flora. The two
genera that make up Gut Bacteroidetes are Bacteroides Bacteroidota and
Prevotella. Within the phylum Firmicutes Bacillota, the principal genera
are Roseburia, Ruminococcus, Lactobacillus, Bacillus, Clostridium, Entero-
coccus, and Faecalibacterium prausnitzii. The Bifidobacterium genus mostly
represents the Actinobacteria phylum (Borrego-Ruiz and Borrego, 2024;
Martinez et al., 2022). Thus, the equilibrium among these phyla is a
biomarker of gut stability and health, and it is linked to several illnesses.
Alterations in this ratio have also been linked to neurodegeneration as a
function of aging (Ekwudo et al., 2024).

2.1. Role of gutmicribiota in the gastrointestinal tract

Children are also impacted by neurodegenerative illnesses, which
cause progressive loss of neurological skills and developmental regres-
sion. To provide early diagnosis, appropriate care, and genetic counse-
ling—and to give hope for improved outcomes through the development
of new treatment modalities—a systematic clinical strategy based on the
child’s age and brain involvement is essential (Mishra, 2018). The
gastrointestinal (GI) tract is colonized from the moment of childbirth
and keeps changing and adapting its entire life. As a result, the adult
individual gastrointestinal tract supports a distinct ecology consisting of
billions of bacteria. The distal colon is where the density of gut micro-
biota peaks, with an expected quantity of 10'! bacterium per gram of
gastrointestinal contents. The gut microbiota’s species profile shows
remarkable stability over periods spanning from days to months and
even years, despite its composition changing with age and along the GI
tract. This suggests that the microbiota is generally resilient to envi-
ronmental changes (Aziz et al., 2013). Microbiota counts gradually in-
crease throughout the gastrointestinal tract, beginning in the stomach
with low levels and rising rapidly in the colon. There are very few mi-
croorganisms that can survive the acidic conditions of the gut and
proximal duodenum, bile, or pancreatic enzymes. However some bac-
teria can survive in these harsh environments, and some can even grow
(Dieterich et al., 2018). The microorganism has a huge range of impacts
on an individual’s health, including strengthening immunity, dissolving
dietary fibers, enhancing nutrient absorption through improved
gastrointestinal motility and function, and inhibiting the growth of
pathogens. Furthermore, the gastrointestinal mucosa is maintained and
repaired in large part by the gut. The microorganism generates metab-
olites and short-chain fatty acids which serve as anti-inflammatory and
support intestinal balance(Aleman et al., 2023). Foods that the stomach
and intestines’ enzymes are unable to break down are partially broken
down by the microbiota in the gut (Jayachandran et al., 2017). Micro-
bial materials can be absorbed by the tissues of the gastrointestinal tract,
potentially going into circulation, and reaching other tissues, and then
being expelled through breath or urine. In the large intestine, bacteria
digest fiber and protein to produce important byproducts, especially
short-chain fatty acids (SCFA). The cellular functions that maintain tis-
sue integrity are supported by these Short chain fatty acids, which are
essential energy sources for bacteria and colon tissues (Conlon and Bird,
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2015). SCFA like butyrate, propionate, and acetate are produced when
bacteria in the colon, such as Bacteroides, Roseburia, Bifidobacterium, and
Enterobacteria, break down carbohydrates that have eluded initial
digestion and unabsorbable oligosaccharides where the host derives
substantial energy from these SCFA (Jandhyala et al., 2015). Endo-
toxins, bacteria, and compounds generated can pass through the intes-
tinal barrier more easily, getting into the bloodstream and perhaps
causing autoimmune diseases. Many cardiovascular illnesses (CVDs)
including atherosclerosis, heart attacks (MI), arrhythmias, pericardial
disease, cardiomyopathies, and heart failure are caused by inflammation
and immune dysfunction (Lugman et al., 2024).

2.2. Role of the gut microbiome in neurodegenerative diseases

Gut microbes and metabolites can influence both brain health and
the integrity of the BBB. The structural strength of the BBB may be
regulated by the digestive microbiota, according to certain theories. It is
believed that the regulating effect begins in the first moments of fetal life
and lasts the entirety of an individual’s life. The ability to protect the
BBB and the number of microorganisms in the human body decreases
with age (Cryan and O’Mahony, 2011; Wang et al., 2023). In addition,
the gut microorganism and its host interact in several intricate ways that
have an impact on metabolism, immunology, and central nervous sys-
tem functions. Molecular cues originating from gut microbiota may
regulate brain cell activity. The microglia, which aid in brain growth and
homeostasis and are helpful in protecting the central nervous system,
are one of the main natural immune cells in the central nervous system
(Damiani et al.,, 2023; Loh et al.,, 2024a). However, studies have
demonstrated that a robust immune system can protect against a wide
range of neurodegenerative diseases. Memory is improved and dementia
is prevented with the use of probiotic supplements and other medica-
tions in conjunction with gut health management. It is well-established
that microbiota makeup and dietary practices can influence neuro-
genesis. Since the proper operation of Gut microbiota depends on food
intake and the metabolites created by the microbiota are mostly
dependent on the food and microbial composition in the intestine,
required for neurotropism (Mitra et al., 2023).

2.3. Factors modulating gut microbiota balance

Diet: Inter-individual heterogeneity in the human gut microbiota
occurs for several reasons, including immunological conditions, age,
sex, genotype, and environmental influences. Eating decisions signifi-
cantly dominate the makeup of the gut microorganism in addition to
other factors. The kind, caliber, and source of food ingested influence the
composition and activities of the gastrointestinal microorganism as well
as the interactions between microorganisms and the hosts that make the
composition of gut microorganisms vary from one person to another
(Campaniello et al., 2022).Consumers of a Westernized diet that is rich
in red meats, processed and refined food, sugary drinks, and little in the
way of fruits, vegetables, and fiber are associated with an elevated risk of
metabolic diseases such as diabetes mellitus and obesity. These diseases
were linked to endotoxemia, a systemic low-grade inflammation
(Statovcei et al., 2017)."Microorganisms require almost same micro-
nutrients that people do, and many of these micronutrients are acquired
through the host’s diet (Bear et al., 2020). Prebiotics reduce dysbiosis
and the inflammatory conditions that are linked to it, which may reduce
cognitive loss. Additionally, they promote the development of bacterium
including Lactobacillus and Bifidobacterium (Shabbir et al., 2021). Di-
versity of good and pathogenic bacterium in the Gastrointestinal tract
decreases with a ketogenic diet, and other negative effects include an
increase in pathogenic bacteria and altered intestinal metabolism,
decline in cognitive function, and an increase in systemic and intestinal
inflammation and intestinal barrier disruption (Xiao et al., 2024).

Antibiotics: Microbes, including gut microbiota, and medications
like antibiotics can alter the balance of microorganisms in the gut. While
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antibiotics target disease-causing bacteria, they may also disrupt the
beneficial microbiota, potentially leading to gastrointestinal issues and
other diseases. Moreover, during drug metabolism, gut bacteria can
modify how certain medications function. This interaction may produce
metabolic byproducts that disrupt the normal composition of the
microbiota, potentially leading to serious adverse effects (Anwar et al.,
2021).

Age: As individuals age, the diversity of their microbiota increases,
eventually stabilizing into an adult composition predominantly influ-
enced by three major bacterial phyla: Actinomycetota, which includes
families such as Bifidobacteriaceae and Coriobacteriaceae; Bacteroidota,
which includes families such as Bacteroidaceae, Prevotellaceae, and
Rikenellaceae; and Bacillota, which includes families such as Lachno-
spiraceae and Ruminococcaceae. This stable microbiota plays a crucial
role in maintaining health by contributing to immune regulation,
digestion, and protection against pathogens (Lloyd and Tahon, 2022).
These bacterial phyla result from a combination of factors, including
genetics, environment, diet, lifestyle, and digestive physiology. By
around age three, a child’s gut microbiota reaches a composition and
diversity like that of an adult. However, in elderly adults over the age of
70, factors such as weakened immune function, changes in digestion,
and reduced nutrient absorption can lead to alterations in the gut
microbiota, potentially impacting overall health (Rinninella et al.,
2019).

Physical exercise: Exercise is a powerful preventive measure
against a wide range of chronic illnesses, and its benefits may be
significantly mediated by the gut microbiota. Regular physical activity
alters the composition of gut microbes, promoting a balanced microbial
environment that supports overall homeostasis and energy regulation.
Additionally, frequent exercise fosters an anti-inflammatory, immuno-
regulatory state by positively influencing the gut-brain axis, contrib-
uting to improved mental and physical health (Wegierska et al., 2022).
The importance of various forms of long-term exercise training for
preventing Alzheimer’s disease progression has been highlighted by
consistent findings addressing the advantages of Physical exercise for
lowering the risk of Alzheimer’s disease as well as the positive effects of
physical exercise on brain aging and the preservation of cognitive
function (Cutuli et al., 2023).

Environmental exposure: The most harmful agents that alter a
worker’s microbiome include exposure to microbial substances from
direct contact with pets and medical personnel, toxic substances such as
fabrication fluids, debris, and insecticides, as well as workplace stress,
and unhealthy lifestyle choices (Goralczyk-Binkowska et al., 2022). It is
crucial to look beyond merely viewing the changes in the gut microbiota
of night shift workers as a risk factor for metabolic disorders, colorectal
cancer, and other gastrointestinal illnesses. Although these changes may
indeed be causal, this remains a hypothesis that requires further inves-
tigation. The exact mechanisms underlying the development of meta-
bolic diseases in night shift workers are still not fully understood.
However, current research suggests that disruptions in circadian
rhythms, combined with alterations in gut microbiota, could serve as
catalysts for the onset of these diseases (Mortas et al., 2020).

3. Microbiota gut-brain axis

The gut-brain axis is established through bidirectional nerve, endo-
crine, and immunological connections between the gut and the brain.
Changes in one system can significantly impact the other organs
involved. Disorders of the microbiota-gut-brain axis can affect both the
ENS and CNS. Additionally, these disorders may alter the quantity and
composition of gut bacteria, further influencing overall health (Zhu
et al., 2017). The ENS is a vital component of the gut-brain axis, posi-
tioned at the interface between the gastrointestinal tract and the brain. It
plays a key role in regulating nearly all gastrointestinal activities,
including motility, secretion, absorption, and blood flow. By commu-
nicating with the central nervous system, the ENS influences not only
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digestive processes but also contributes to the overall health of the brain,
highlighting the intricate relationship between gut function and
neurological well-being (Chen et al., 2013).

3.1. Gut-microbiota-brain-axis and its signaling pathway

The term Gut-microbiota-brain-axis refers to the intricate web of
connections that exist between the brain and the gut. The sympathetic
and parasympathetic branches of the autonomic nervous system, the
central nervous system, the enteric nervous system, and the broad
spectrum of cells present in the digestive atmosphere constitute this
network (Bosi et al., 2020). The ENS and CNS systems communicate
bidirectionally through both vagal parasympathetic and sympathetic
pathways. Vagal afferent signaling from the ENS occurs via mucosal
varicose nerve endings, intraganglionic laminar endings, and circular
muscle layers. This communication allows the ENS to influence the
composition and biology of the gastrointestinal tract independently,
modulating functions such as digestion, motility, and local immune re-
sponses (Hyland and Cryan, 2016).

The vagus nerve: Cranial nerve X, also known as the vagus nerve,
connects the visceral organs to the brain. It is a paired nerve composed
of both sensory and efferent neurons, enabling bidirectional communi-
cation between the brain and various internal organs (Kesika et al.,
2021). The vagus nerve (VN), located in the brainstem, plays a crucial
role in how metabolites stimulate the local gut to influence brain activity
via the autonomic nervous system. Cranial nerve X, which consists of
distinct and analogous neurons, transmits motor impulses from the brain
to various organs, including intestinal cells that are also influenced by
the gastrointestinal microbiota. As a key component of the para-
sympathetic nervous system, the vagus nerve serves as a vital link in the
gut-brain axis. It can detect specific signals from the microbiota or
enteroendocrine cells, facilitating indirect communication with the gut’s
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luminal microbiome (Chakrabarti et al., 2022). The brain receives sig-
nals from the gut microbiota through four main pathways: first, the
vagus nerve, which connects the gastrointestinal tract’s muscular and
mucosal layers to the brainstem; second, the secretion of serotonin from
enterochromaffin cells located in the gut’s epithelial lining; third,
dysfunction of microglia, the immune cells of the central nervous sys-
tem; and finally, direct chemical signals, such as toxins, short-chain fatty
acids, and y-aminobutyric acid (GABA), which are sent to the brain
(Ashique et al., 2024b). Thus, cranial nerve X has been documented to
play a crucial role in signal transmission and reciprocal regulation be-
tween the gut and the brain. It facilitates communication by trans-
mitting sensory information from the gastrointestinal tract to the brain,
while also influencing gut function through its motor and autonomic
fibers. This bidirectional communication underscores the importance of
the vagus nerve in maintaining gut-brain axis health and may have
implications for various neurological and gastrointestinal disorders
(Wang et al., 2024).

Immune pathway: The intestinal microbiota, which regulates the
immune system, constitutes more than 70 % of the immune system’s
total capacity. Dysbiosis of the gastrointestinal microbiome significantly
impacts human homeostasis and overall health by altering intestinal
permeability. The gut microbiota influences inflammation in the
gastrointestinal tract, primarily through the immune system’s secretion
of cytokines (e.g., IL-10 and IL-4) and other mediators of cellular
communication, such as interferon-gamma, during dysbiosis. Disrup-
tions in the gut-brain axis affect intestinal motility, secretion, visceral
hypersensitivity, and the cellular functions of the enteroendocrine and
immune systems (Qu et al., 2024).

HPA axis: The interactions between the gut and brain are regulated
by the hypothalamus-pituitary-adrenal (HPA) axis, which plays a crucial
role in controlling the body’s stress response. As one of the primary
neuroendocrine systems in humans, the HPA axis is responsible for
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regulating the body’s reaction to stress. A groundbreaking study has
linked gut microbiota to the HPA axis, revealing that plasma levels of
adrenocorticotropic hormone (ACTH) and/or corticosterone were
significantly elevated in response to restraint stress in adult germ-free
(GF) mice compared to specific pathogen-free (SPF) mice, which have
a normal composition of microbiota and no specific pathogens (Liu
et al., 2035b) Cortisol may influence the gut-brain axis through several
different pathways. Many gut cells, including immune cells, enter-
oendocrine cells, and epithelial cells, express cortisol receptors, indi-
cating a direct relationship between cortisol levels and gut function.
Furthermore, glucocorticoids are essential for proper maturation and
significantly contribute to the development of the central nervous sys-
tem. This interplay suggests that cortisol not only impacts gut health but
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also plays a critical role in neurodevelopment and overall brain function
(Rusch et al., 2023).

3.2. Role of neurotransmitter in gut dysbiosis

Chemical messengers known as neurotransmitters carry messages
from one neuron to the next; they are vital to neurological processes and
have an impact on behavior in humans. Neurotransmitter abnormalities
are intimately linked to mental diseases, including mood disorders,
anxiety disorders, and depression. Since the intestinal flora and host
cells mutually produce neurotransmitters, gut microorganisms also have
an impact on the central nervous system through the microbiota(Chen
et al., 2022).The four main types of neurotransmitters are excitatory



S. Setal

neurotransmitters glutamate, acetylcholine, histamine, Dopamine,
Norepinephrine, epinephrine;inhibitoryneurotransmitters GABA, sero-
tonin and dopamine; neuromodulators dopamine,acetylcholine,seroto-
nin, histamine, and norepinephrine; and hormones released from the
hypothalamus such as oxytocin and vasopressin, which is also referred
to as antidiuretic hormone(Dicks, 2022).Movement, emotion, learning,
and memory are just a few of the many brain functions that neuro-
transmitters actively influence. These neurotransmitter imbalances can
result in neurodegenerative disease and psychiatric disease such as
depression, anxiety, autism spectrum disorder, Parkinson’s disease, and
Alzheimer disease(Chen et al., 2021). Fig. 1

GABA: Present in different parts of the brain at high (millimolar)
concentrations and is released into the synaptic junction when presyn-
aptic neurons depolarize. Throughout the nervous systems of mammals,
vertebrates, and invertebrates, GABA serves as the primary inhibitory
neurotransmitter. Disruptions in GABA signaling have well-established
causal implications for various neurological disorders. In the gastroin-
testinal tracts of humans and mice, there are two main types of GABA
receptors: GABAA and GABAB. These receptors have been shown to play
a crucial role in supporting gut health and intestinal motility. Recent
research indicates that the microbiota’s production of enteric GABA can
influence a range of health outcomes, prompting investigations into the
precise mechanisms by which microbial GABA may impact human
health and vice versa. For example, in a rat model of visceral sensitivity,
injection of a GABA-producing species, Bifidobacterium dentium, which is
part of the human microbiota, resulted in desensitization of sensory
neuron activity. This finding highlights the potential role of gut micro-
biota in modulating GABAergic signaling and its implications for gut
health (Quillin et al., 2021). GABA predominantly influences adult brain
function by activating fast hyperpolarizing GABA, receptors, which
mediate rapid inhibitory synaptic transmission. In addition, GABAg re-
ceptors, which are located both pre- and post-synaptically, modulate
brain activity through slower, G-protein-mediated pathways. These
GABAB_BB receptors are linked to potassium (K*) and calcium (Ca%h)
channels, affecting neuronal excitability and synaptic transmission via
membrane-delimited mechanisms (Wu and Sun, 2015). In the human
central nervous system, glutamate and its receptors—primarily
ligand-gated ionotropic glutamate receptors—mediate most excitatory
neurotransmissions. Given their essential roles in this process, these
receptors are important therapeutic targets. Disruptions in normal
glutamate signaling are implicated in a range of neurodegenerative
diseases, highlighting the significance of glutamate in the pathophysi-
ology of conditions such as Alzheimer’s, Parkinson’s, and Huntington’s
disease (Chang et al., 2020). Glutamate decarboxylase catalyzes the
a-decarboxylation of 1-glutamate to produce GABA (gamma-aminobu-
tyric acid). Additionally, putrescine, arginine, and ornithine can also be
used as precursors for GABA synthesis. It has been discovered that many
human gut microbiota possess similar biosynthetic enzymes for GABA
production. Neurotransmitters like GABA serve as a means for gut
bacteria to communicate with the central nervous system, releasing
chemicals into the bloodstream that regulate physiological activities in
the gut wall. Several bacterial species, including Eubacterium, Para-
bacteroides, Lactobacillus, Bifidobacterium, Bacteroides, and Blautia,
particularly Bacteroides fragilis have been identified as GABA producers.
Dysregulation of GABA receptors in the brain has been associated with
neurodegenerative conditions such as Alzheimer’s disease (Vecchio
et al., 2021).

Serotonin and tryptophan: Serotonin regulates many physiological
functions, including breathing, vasoconstriction, behavior, gastrointes-
tinal secretion and peristalsis, and brain function. Despite its widespread
use throughout the body, 90-95 % of serotonin is located in the
gastrointestinal tract, where it is primarily produced by enterochro-
maffin cells in the epithelial lining. This highlights the crucial role of the
gut in serotonin production and its impact on both local gastrointestinal
functions and systemic processes such as mood and behavior
(Strandwitz, 2018). Tryptophan, an essential amino acid found in fruits,
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dairy products, and meats, plays a vital role in the production of sero-
tonin. After being absorbed and processed by the body, tryptophan
crosses the BBB and is converted into serotonin in the raphe nuclei of the
brainstem, a key region responsible for regulating mood and behavior
(Mittal et al., 2017). Tryptophan hydroxylase is the rate-limiting enzyme
in serotonin synthesis, with the gut’s enterochromaffin cells (EECs)
being the primary source of serotonin production. Maintaining sufficient
levels of tryptophan in the digestive system is crucial for regulating se-
rotonin levels, as the concentration of available tryptophan directly in-
fluences the rate of serotonin synthesis by EECs. Without adequate
tryptophan, serotonin production can be significantly impaired,
affecting various physiological functions dependent on this neuro-
transmitter (Yeo, 2023).

Dopamine: Dopamine, the primary catecholaminergic neurotrans-
mitter, is produced both centrally in the brain and peripherally in
various tissues. It plays a crucial role in numerous physiological pro-
cesses, including regulating emotions, memory, attention, motivation,
reward mechanisms, and food intake. Disruptions in dopamine signaling
are linked to several neurological and psychiatric disorders, such as
Parkinson’s disease, schizophrenia, and addiction (Huang and Wu,
2021). Once L-dopa enters the brain, it can follow two primary meta-
bolic pathways in the periphery: one involving
catechol-O-methyltransferase (COMT) and the other involving aromatic
L-amino acid decarboxylase (AADC). In the periphery, L-dopa is
metabolized by AADC into dopamine, but since dopamine cannot cross
the blood-brain barrier, it remains in the periphery. This peripheral
dopamine can alter intestinal motility and potentially lead to intestinal
injury (Xu et al., 2022). Fig. 2

3.3. Gut dysbiosis on cognitive decline and neurodegeneration

Dysbiosis, or an imbalance in the gut microbial community, has been
connected to several illnesses and diseases that can impair brain illness
like Alzheimer’s disease (Yang et al., 2024). A decreased amount or
variety of the healthy GIT microbiota has been linked to a susceptibility
to inflammation and the development of disease (Thornton et al.,
2024). Dysbiosis of the gut microbiota can lead to systemic inflamma-
tion and increased intestinal permeability. This disruption in gut health
can impact neurological, immunological, endocrine, and metabolic
pathways, potentially contributing to the development of Alzheimer’s
disease (AD) and cognitive impairment. For example, an increase in
gram-negative bacteria in the gut raises the levels of lipopolysaccharides
(LPS) in the body, which triggers systemic inflammation (Solanki et al.,
2023). The movement of lipopolysaccharide (LPS) across the intestinal
lining triggers a strong immune response, mediated by
TLR4-CD14/TLR2 (Toll-like receptors) through the NF-kB pathway, and
activates the hypothalamic-pituitary-adrenal (HPA) axis. In a mouse
model, elevated intestinal inflammation (indicated by plasma LPS) and
increased apoptosis, particularly in enteric nervous system (ENS) neu-
rons, are linked to gut dysbiosis. LPS also activates mast cells, releasing
tryptase, TNF-a, IL-1p, IL-4, IL-13, NF-kB, and pSTAT3, which can
worsen mucosal damage through an intensified immune reaction.
Moreover, LPS directly affects the blood-brain barrier (BBB), leading to
neuroinflammation, microglial activation, and recruitment of immune
cells to the central nervous system. This process can contribute to
neurodegenerative conditions such as Alzheimer’s disease (Bicknell
et al., 2023). Disruptions in this axis can increase gut permeability,
allowing microbial metabolites and pro-inflammatory molecules to
enter the bloodstream. This can exacerbate neuroinflammatory condi-
tions. In turn, systemic inflammatory responses weaken the blood-brain
barrier (BBB), promoting neuroinflammation and eventually contrib-
uting to neurodegeneration. Alterations in the gut microbiome may be
necessary for developing an unstable cerebral endothelial layer and for
inflammation-induced breakdown of the BBB (Sochocka et al., 2019).
Neurotransmitters play crucial roles in regulating mood and cognition
within the brain. The levels of tryptophan in the central nervous system,
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influenced by peripheral tryptophan availability, significantly affect
mood and cognitive functions (Teleanu et al., 2022). Mast cells release
corticotropin-releasing hormone (CRH), which increases the perme-
ability of the BBB. This heightened permeability allows circulating cy-
tokines, CRH, and activated immune cells to pass through the BBB,
promoting neuroinflammation by stimulating microglia. As a result,
bacterial metabolites and toxins can enter the brain, further exacer-
bating inflammation (Bhuiyan et al., 2021). The gut microbiome plays a
crucial role in the production, absorption, and transport of neurotrans-
mitters like serotonin and GABA in the brain. Furthermore, specific
bacterial species influence the formation of amyloid plaques, which
trigger inflammatory processes and elevate the risk of AD. Thus, an
imbalanced gut microbiome is one of the contributing factors to the
progression of AD (Loh et al., 2024b). Glutamate activates N-Methyl--
D-aspartate (NMDA) receptors, leading to the release of nitric oxide
(NO). NO acts as a signaling molecule in the enteric nervous system and
the non-adrenergic, non-cholinergic nervous system, helping regulate
various physiological functions (Jewett and Thapa, 2024).

Nitrite and nitrate are converted to NO by gut microorganisms,
including Lactobacilli and Bifidobacteria. Similarly, other microorgan-
isms like Streptomyces and gut bacilli can utilize the synthesized NO to
produce additional NO (Paiva et al., 2024; Sobko et al., 2006). A change
in any of these gut bacteria’ activity combined with a rise in nitrate
consumption might result in an overabundance of nitric oxide, which
will cause axonal degeneration, neuroinflammation, and neurological
disorder (Khan et al., 2020a).

4. Microbiota dysbiosis in alzheimer disease
4.1. Role of microbiota on amyloid beta cleavage and degradation

Bacterial species that are expected to produce amyloids include Ba-
cillus subtilis, Salmonella Typhimurium, Pseudomonas fluorescens, Staphy-
lococcus aureus, and Escherichia coli. In addition, intestinal
microecological dysregulation led to the secretion of amyloid and lipo-
polysaccharide and increased the permeability of the intestinal and
blood-brain barriers (Huang et al., 2023). Certain strains generate am-
yloids such as curli, TasA, CsgA, FapC, phenol soluble modulins, etc. that
encourage the misfolding of A fibrils and oligomers. To form biofilms
and withstand being destroyed by immunological or physical forces,
bacteria need the creation of amyloid proteins to adhere to each other.
Neuronal proteins can promote amyloid production by cross-seeding
with bacterial and other amyloid proteins. During self-seeding, a
prion-shaped protein induces other molecules of the same protein to
misfold into an amyloid structure, enabling the spread of infectious
amyloids. The misfolding of several human proteins into amyloid forms
is linked to neurodegenerative diseases (Friedland and Chapman, 2017).
Ap peptides found in amyloid plaques are derived from amyloid pre-
cursor protein (APP), which is enzymatically cleaved by secretases (o, f,
and y). The formation of Ap plaques begins with this cleavage process. In
particular, p-secretase initiates the cleavage of APP, resulting in C-ter-
minal fragments of 89 or 99 amino acids, which remain attached to the
membrane. BACE1 (f-site APP cleaving enzyme), also known as Asp2 or
memapsin 2, plays a critical role as the p-secretase responsible for this
cleavage (Hampel et al.,, 2021). Amyloid beta precursor protein is
cleaved at p-sites, specifically Aspl and Glul1, by BACE1L. This cleavage
produces isoforms such as Ap1-42 and Ap1-40 when y-secretase further
processes the remaining 99 amino acid residues attached to the C-ter-
minal membrane. The two primary components of y-secretase are pre-
senilin 1 and presenilin 2. The most common soluble isoform is Ap1-40.
However, if the cleavage pattern is altered, it can result in Ap1-42,
which tends to aggregate and form plaques due to the presence of two
additional amino acids: isoleucine and alanine. These cleavage pattern
changes are often caused by mutations in the APOE gene (Khan et al.,
2020a, 2020b). The TLRs that detect A and a-synuclein are also acti-
vated by curli, a bacterial amyloid. Curli has been shown to compromise
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the blood-brain barrier by increasing pro-inflammatory cytokines such
as TNF-a, IL-6, and IL-1p. This suggests that bacterial amyloids promote
protein aggregation and neuroinflammation, which can lead to neuro-
degeneration. Additionally, since Ap, tau, and a-Syn have antibacterial
properties, inflammation and gut dysbiosis may trigger their aggrega-
tion (Miller et al., 2021).

4.2. Accumulation of tau protein and neurofibrillary tangles

A microtubule-associated protein called tau regulates axonal transit
and keeps the microtubules inside the axon stable (Thal and Tomé,
2022). In AD, tau protein loses its ability to bind to microtubules, which
impairs its normal role in maintaining the organization of the cyto-
skeleton within axons. In the brains of individuals with dementia, tau
undergoes structural changes and misfolding, leading to abnormal ag-
gregation into fibrillary formations (Kolarova et al., 2012). Studies have
shown that AD patients with chronic Helicobacter pylori infections
produce elevated levels of inflammatory cytokines (Yu et al., 2018).
Furthermore, exposure to H. pylori filtrate has been demonstrated to
induce tau hyperphosphorylation in neuroblastoma cells, mimicking the
tau pathology characteristic of AD (Wang et al., 2014). Certain bacteria
can collaborate to increase the infectious burden in the brains of AD
patients. Elevated levels of pro-inflammatory markers, such as IL-1,
CXCL2, and NLRP3, have been linked to the presence of harmful bacteria
like Escherichia and Shigella. In contrast, beneficial anti-inflammatory
bacteria, such as Eubacterium rectale, are found in reduced quantities
in the blood of individuals with brain amyloidosis and cognitive
impairment (Cattaneo et al., 2017). The cognitive deficits caused by
dysbiosis that encourage AD might take many different forms (Solanki
et al., 2023). One important characteristic of AD is the misfolding and
aggregation of tau. Studies have demonstrated that bacterial DNA,
particularly from specific species linked to AD (B. burgdorferi, P. gingi-
valis, C. albicans, and E. coli), induces marked tau aggregation (Tetz et al.,
2020). These strains, due to their facultative intracellular parasitic na-
ture, facilitate interactions between bacterial DNA and tau proteins
within neurons. Bacterial DNA can be secreted across the outer mem-
brane into the cytoplasm of neurons, where it may act as a seed for tau
aggregation. This indicates that microbial DNA could play a key role in
triggering tau protein misfolding, contributing to the pathogenesis of AD
(Liang et al., 2024).

4.3. APOE cholesterol pathway

The gut microbiota can influence gene expression in microglia,
which is linked to the regulation of apolipoprotein E (APOE). The APOE
€4 allele, located on chromosome 19q13.2, is the first gene identified to
significantly increase the risk of sporadic late-onset AD. While APOE is
primarily expressed in astrocytes, it is also produced by microglia under
inflammatory conditions, despite being one of the rarer apolipoproteins
synthesized in the brain (Murai and Matsuda, 2023). Its primary role in
the body is that of a lipid transporter, carrying phospholipids and
cholesterol throughout. Hepatocytes and macrophages in the liver are
the primary producers of apoE in the periphery. Although apoE is not
able to pass through the blood-brain barrier, it is highly produced by
astrocytes, activated microglia, vascular mural cells, choroid plexus
cells, and to a lesser extent by stressed neurons in the central nervous
system. Apolipoprotein E genotypes and the composition of the gut
microbiome were found to be related by research on the effects on the
physiology and composition of the microorganism in mammals and
mice. This work highlights the possibility that the APOE4 allele’s effect
on neuropathology may be caused by the elimination of bacteria that
produce butyrate and short-chain fatty acid in APOE4 carriers (Raulin
et al., 2022).
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4.4. Acetylcholine production

Acetylcholine, a cholinergic neurotransmitter, serves as a local
mediator in both insects and vertebrates by transducing excitatory im-
pulses between neurons in the peripheral and CNS. Its dysregulation is
closely associated with Alzheimer’s disease. Amyloid-p pathology and
cholinergic disorders have a long-standing association. Neuritis plaques
were discovered to be more prevalent in the post-mortem brains of AD
patients, and this was linked to the enzyme choline acetyltransferase’s
decreased activity. The correlation between the worsening of dementia
and disruption of several cortical cholinergic markers, including
reduced acetylcholine synthesis and levels, decreased nicotinic receptor
subtypes, and reduced choline-acetyltransferase and choline uptake,
suggests a close relationship between cholinergic loss of function and
cognitive decline in AD (Giacobini et al., 2022).'Acetylcholine produc-
tion, storage, transport, and degradation-related proteins are the foun-
dation of cholinergic neurotransmission. About 20 % of choline and
active acetate are used to create this in the cytoplasm of cholinergic
neurons, with the majority (80 %) synthesizing at the terminal buttons.
Axonal termination captures choline by activating a specialized trans-
port pathway. Outside of the cell, choline is produced by the hydrolysis
of acetylcholine and the breakdown of lipids, primarily lecithin (Choo
et al., 2024). Human acetylcholinesterase a crucial enzyme in neural
signaling breaks down acetylcholine and obstructs postsynaptic signal
transmission. In the central nervous system, cholinergic neurotrans-
mission is essential for both cell survival and neuronal plasticity.
G-protein activity and ion influx are the two ways whereby muscarinic
and nicotinic initiate intracellular signaling. The enzyme AchE breaks
down the excess Ach in the synaptic cleft into acetate and choline. The
presynaptic neurons then recycle and reabsorb choline through choline
transporters, primarily CHT1. This reuptake significantly increases the
pool of choline that cholinergic neurons will employ for acetylcholine
resynthesis. It has been shown that AchE and ChAT, two important
markers of cholinergic neuronal function, are expressed at reduced
levels in late-stage AD (Stanciu et al., 2020).

4.5. Oxidative stress

Higher levels of reactive oxygen species (ROS) than antioxidants
disrupt the redox signaling system in cells, which is known as oxidative
stress. In addition to having negative impacts, this imbalance is a major
contributor to several neurological disorders. All aerobic metabolic
chemical reactions lead to the creation of unstable and short-lived
reactive intermediate products reactive oxygen species. It has been
shown that the PI3K/AKT pathway plays a role in supporting the pro-
liferation of neural progenitor cells by producing O2 and H202 through
the action of NADPH oxidase (NOX-2) (Bekdash, 2021). Mitochondrial
enzymes are primarily responsible for producing ROS in mitochondria.
Superoxide radicals are produced at respiratory complexes I and III of
the oxidative phosphorylation pathways by the mitochondrial electron
ETC through the single-electron leak. Physiological levels of OS pro-
duced by the microbiota may have an impact on the organism’s makeup
and functioning. The interactions between microorganisms and hosts
that may alter the central nervous system redox equilibrium by raising
ROS levels, undermining the antioxidant system, or both further
complicate the interplay between the gut microbiota and the brain.
Consequently, these relationships may lead to higher degrees of oxida-
tive damage in the central nervous system (Shandilya et al., 2022).
According to Seungmoon Chooetal., Heat-killed Ruminococcus albus
(hkRA) shields neurons from oxidative stress-related damage. To assess
how well hkRA protected the human neuroblastoma SH-SY5Y cell from
AB-induced apoptosis. The SH-SY5Y cells’ exposure to HKRA (108
cells/ymL) dramatically reduced the cytotoxicity and DNA damage
caused by Af. Additionally, it demonstrated a remarkable rise in the
bax/bcl-2 ratio in the SH-SY5Y cells treated with Ap. Furthermore, the
administration of hkRA enhanced the expression of brain-derived
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neurotrophic factor (BDNF) and the antioxidant-related genes HO-1,
Nrf2, and PKC-6. In the meantime, it dramatically reduced the cleaved
caspase-3 protein expression and caspase-3 activity in the Af-treated
SH-SY5Y cells. Furthermore, the amounts of mitochondrial and in
addition, the cells’ levels of the proteins encoding mitochondrial and
cytosolic cytochrome c increased and decreased respectively. These
findings imply that hkRA guards against oxidative stress and Ap-induced
apoptosis in human neuroblastoma cells (Sharma and Kim, 2021).

5. Epigenetic modifications
5.1. Histone modification

Histone acetylases are a class of enzymes that acetylate the lysine
residues of the core histone tails to covalently alter histone proteins
(Esposito and Sherr, 2019). Numerous posttranslational modification
sites, including methylation, acetylation, phosphorylation, ubig-
uitylation, and are found in the N-terminal tails of histones. These
epigenetic changes to the chromatin structure mediate the accessibility
of the genomic information in the nucleus and control gene expression in
response to a variety of internal and external stimuli. Histone acetyla-
tion has been demonstrated to play a role in the development of excit-
atory synapses and long-term memory in the hippocampus, which is
crucial for the most prevalent types of synaptic plasticity, such as
long-term potentiation (LTP) (Santana et al., 2023). In a recent study
carried out in germ-free mice, they were treated orally administered
with Roseburia hominis and the result suggests that Roseburia hominis act
as HDAC inhibitors, and reduce neuroinflammation (Song et al., 2022)

5.2. DNA methylation

Methylation of cytosine residues on a particular DNA molecule’s C-5
atom is the most well-studied instance of epigenetics in the process of
gene silencing (Qazi et al., 2018). Gene expression is significantly
regulated by DNA methylation, and abnormal DNA methylation has
been linked to the pathophysiology of Alzheimer’s disease (Huo et al.,
2019).As neural progenitor cells transition from neurogenesis to astro-
gliogenesis as neurons proliferate and mature in the adult brain, a
methyl group is added to and removed from the promoter gene (Kaur
et al., 2022).Lactobacillus rhamnosus GG and Bifidobacterium breve
reduced levels of the inflammatory markers IL-2, IL-7, and CD40 by
blocking global DNA methylation and histone acetylation (D’Aquila
et al., 2020)

5.3. Non-coding RNAs

Non-coding RNAs (ncRNAs) are a broad family of non-protein-
coding RNA transcripts that may be used as therapeutic targets and
biomarkers for a variety of physiological and pathological conditions
because of their crucial regulatory roles in numerous biological pro-
cesses and disease development (Olufunmilayo and Holsinger, 2023).
ncRNAs, which are classified as long non-coding RNA (IncRNA, >200
nt), small ncRNA (sncRNA, < 200 nt), and circRNA, control translation,
epigenetic inheritance, and heredity. Certain ncRNAs may be present in
a wide range of conditions, and they are essential for regulating
inflammation in many conditions. miRNAs support neuronal differen-
tiation, development, and synaptic plasticity (Y. Liu et al., 2022).

6. Diagnostic approches

Diagnosis of a dementia illness is based on clinical indications and
symptoms. Neuropsychological testing, laboratory testing (blood and
other internal fluids), brain scanning, and genetic testing are some of the
procedures used to diagnose dementia after a history of illness, and a
neurological exam, which includes a neurologic and psychiatric assess-
ment (Turner et al., 2020).To distinguish behavioral and psychiatric
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symptoms caused by neurodegenerative illnesses like Alzheimer’s dis-
ease from those caused by other conditions like mood disorders; clini-
cians must employ proper measures (Guzman-Martinez et al., 2021).
Routine use of these tests in the clinic is still premature due to the po-
tential for overdiagnosis, increased cost, and/or invasiveness of the
evaluation method. This is true even though positron emission tomog-
raphy imaging of amyloid and the levels of tau and amyloid-proteins in
the cerebrospinal fluid are increasingly used in clinical studies of AD,
improving diagnostic confidence in AD subjects (Porsteinsson et al.,
2021). Brain structure can be directly measured via MRI, which may be
used as a biomarker to distinguish between the brains of AD patients and
normal control brains. Many investigations into the possibility of
MRI-based AD biomarkers have been carried out. However, because
amyloid-p accumulates early in the course of the illness and reaches a
plateau later, MRI scans are unable to visualize the pathophysiological
hallmarks of AD, and amyloid PET cannot easily show the progression of
AD (Chang et al., 2021). Structural MRI is used not only to evaluate
volume decreases but also to identify changes in cortical thickness in
specific brain regions, including the temporal, orbitofrontal, and pari-
etal areas. Extensive research has elucidated the impact of AD on
cortical thickness and has given rise to the concept of an AD "disease
signature," whereby specific brain regions that are known to be
impacted by AD exhibit cortical thinning. Because cortical thickness
assessment allows for the detection of minute changes in regions known
to be impacted by AD, it is thought to be a valuable biomarker in the
early identification of the disease (van Oostveen and de Lange, 2021).

7. Therapeutic approaches
7.1. Pharmacological approches

7.1.1. Alzheimer disease medication

Acetylcholine esterase inhibitors: Alzheimer’s disease drugs
approved by the Food and Drug Administration are memantine, gal-
antamine, donepezil, and rivastigmine, which are acetylcholine esterase
inhibitors. Acetylcholine esterase inhibitors work by blocking the
enzyme acetylcholinesterase in the synaptic cleft, which is responsible
for breaking down acetylcholine levels in the brains of AD patients.
Therefore, at least in the first year of treatment, AChEIs tend to
ameliorate the decrease in cognition by enhancing central cholinergic
neurotransmission. Even a brief stop of these medications causes rapid
deterioration and is linked to an increased chance of being placed in a
nursing home (Yiannopoulou and Papageorgiou, 2020).

7.1.2. Stem cell therapy: Based on stem cells’ ability to generate
new neurons, stem cell therapy is an appropriate and successful restor-
ative approach for treating AD and other neurodegenerative illnesses.
The proposed method replaces lost neurons during the neurodegenera-
tive stages of AD with stem cells. The most often utilized cell types in AD
research in recent years have been induced pluripotent stem cells
(iPSCs), Mesenchymal stem cells, brain-derived neural stem -cells
(NSCs), and embryonic stem cells (ESCs) (Liu et al., 2020). The grafted
NSCs directly impact the recipient tissue and make up for the lost neu-
rons. In an AD-like rodent paradigm, for example, the transplantation of
NSCs expressing growth factor increases neurogenesis and ameliorates
cognitive impairment. The transplanted NSCs may, however, potentially
differentiate into non-neuronal glia, which is a drawback for their use
(Qin et al., 2022).MSCs can be obtained from a variety of sources. Under
specific circumstances, MSCs can differentiate into a variety of meso-
dermal cell types, including osteoblasts, myocytes, adipocytes, chon-
drocytes, and tendon cells. MSCs possess various modulatory attributes,
including a wide spectrum of distinguishing potential, accessibility,
simplicity of handling, and availability. MSCs are characterized by their
ability to cross the BBB, active homing ability, and efficient migration
capacity towards damaged brain regions (Fouad, 2019).
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7.2. Non- pharmacological approaches

7.2.1. Probiotics

Probiotics are living bacteria that are important to human health,
particularly the digestive tract. It’s common to refer to probiotics as
"good" or as aiding in gut health maintenance. The definition of "pro-
biotics" as "live microorganisms that modify microbiota towards a
beneficial state" was first used in 1974, and it has since conceptually
evolved. The probiotic most frequently found species, Lactobacillus or
Bifidobacterium genera, of which only a small number of members are
thought to be healthy and normally occur in the gut microbiota. The
bacteria linked to probiotics can improve cognitive performance and
help prevent memory loss in Alzheimer’s disease’ Furthermore, pro-
biotics have been demonstrated to influence several cognitive,
emotional, learning, and memory activities inside the central nervous
system by producing NT and Short-chain fatty acids (Dhami et al.,
2023). Maintain the integrity of the intestinal lining, control the body’s
pH level, and increase brain-derived neurotrophic factors. The brain’s
neurotrophic factors consist of a particular kind of protein that aids in
neurons’ survival and differentiation. As such, it is essential to the
development of the nervous system. Probiotics have the potential to
improve mental health and treat memory impairments and psychiatric
diseases by altering brain chemicals like dopamine, y-aminobutyric acid
(GABA), and serotonin, in addition to brain neurotropic factors (Naomi
et al., 2022). Probiotics use a variety of methods to produce their ad-
vantageous effects, including the generation of Saturated fatty acids, the
release of bacteriocin, immunomodulation, and effects on the gut-brain
axis. Saturated fatty acids are created in the stomach because of eating
fiber. Bacteriodes-mediated fermentation metabolites like acetate,
butyrate, and propionate are produced by the Clostridium, Lactobacillus,
Bifidobacterium, and Eubacterium species (Ale and Binetti, 2021). Pro-
biotics affect the intestinal microbiome of the host which is the popu-
lation genetic information of bacteria, viruses, and other microbiota
together. Fungus grows on and inside human bodies Furthermore the
host’s microbes use them only selectively and spare them from the host’s
enzymes (Dobielska et al., 2022). Probiotics show their protective ef-
fects by reducing oxidative stress pathways, which also reduce inflam-
mation and apoptosis. A natural method that is both safe and efficient
for minimizing the growth of infections and their unwanted side effects
is probiotic therapy (Talebi et al., 2022). There are several scientifically
proven advantages to regularly consuming probiotic foods and supple-
ments, including improvements to the gut such as relief from diarrhea
and other digestive issues. Advantages to a range of disorders from
emotional imbalance to autoimmune diseases, as well as symptoms
reduction of inflammation. The evaluation of the impact of probiotic
intervention on the gut microbiota of the host requires the use of
metabolomic and transcriptomic technologies. Despite the public’s
widespread promotion of probiotics, several probiotic strains and for-
mulations have inconsistent clinical outcomes. The negative conse-
quences of probiotics, which include immune system stimulation,
Gastrointestinal side effects, gene transfer from probiotics to normal
microbiota, systemic infection, and detrimental metabolic effects,
should receive more study. Additionally, strategies to address coloni-
zation resistance must be developed for probiotic therapy for AD in the
future (Lee et al., 2022).

7.2.2. Diet

It is widely recognized that changing one’s diet can impact the
microbiota’s makeup in the gut. Dietary adjustments are intended to
motivate the growth of the good bacterium that is present in the GIT
rather than to introduce new beneficial bacteria (Holmes et al., 2020).
Nutritious and healthful food ingredients possess anti-inflammatory and
antioxidant qualities, which help control the immune system and
potentially alter the neuroinflammatory processes that lead to the
development of AD and cognitive decline. Numerous dietary elements
have been studied for their involvement in health and disease, including
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Table 1
preclinical studies on probiotics.
Probiotic strain Species/strain Induction method Outcomes References
Lactobacillus plantarum Albino rat Alzheimer’s disease in albino rats It enhances cholinergic neurotransmitters in the (Nimgampalle and
MTCC1325 produced by D-galactose. brain’s cerebral cortex and hippocampal regions, Yellamma, 2017)
which helps to normalize behavior and improves state.
Lactobacillus plantarum Mice Transgenic 3xTg-AD mice It is effective in delaying the neurodegeneration (Medeiros et al., 2024)

KY1032 and Lactobacillus
curvatus HY7601
Lactobacillus and
Bifidobacterium
(Lactobacillus helveticus
R0052 and Bifidobacterium

Male Sprague-
Dawley rats
Male Wistar rat

Ap (1—-42)-induced
Model
Lipopolysaccharide Rat Model

longum R0175)

Lactobacillus fermentum Mice lipopolysaccharide (LPS)-activated

LAB9 or L. casei LABPC) microglia BV2 cells in vitro

Bifidobacterium breve Human Lipid droplet formation in

MCC1274 neuroblastoma cells ~ neuroblastoma cells undergoing
SH-SY5Y oxidative stress

Bifdobacterium Lactis Mice APP/PS1 Transgenic mice model

Probio-M8

Bifidobacterium bifidum Mice APP/PS1 mice

TMC3115, Lactobacillus

plantarum 45 (LP45)

Clostridium butyricum Mice APP/PS1Transgenic mice

Lactobacillus lactis Mice 3xTg-AD mice increased level of p62

protein is a hallmark symptom for the

Alzheimer’s disease in 3xTg-AD

It improves learning but not memory impairment (Rezaeiasl et al., 2019)

Improves the neuronal pathways and decreases the
proinflammatory cytokines levels (TNF-a and IL1-p)

(Mohammadi et al.,
2019)

The modulation of neuroinflammation was likely
mediated through up-regulation of antioxidants,
inhibition of AChE, down-regulation of
proinflammatory cytokines.

When taken regularly, B. breve MCC1274 may help
prevent brain inflammation in patients with MCI and
dementia, including Alzheimer’s disease.

The study findings showed that Probio-M8 guarded
against gut microbiota dysbiosis and decreased the
amount of Ap plaque in the entire brain.

In APP/PS1 mice, long-term combination
administration of TMC3115 and LP45 can reduce
spatial memory impairment, indicating that altering
the gut microbiota may offer potential advantages for
individuals with AD.

By controlling the GM-gut-brain axis, which is
mediated by the metabolite butyrate, CB therapy may
reduce microglia-driven neuroinflammation.

The study findings suggest that these extremely safe, (“aging—12-103900,” n.
non-pathogenic, and non-invasive bacteria used as d.)

delivery vehicles for the p62 protein represent an

innovative and realistic therapeutic approach in AD

(Mohammadi et al.,
2019)

(Bernier et al., 2023)

(Cao et al., 2021)

(Wang et al., 2020)

(Sun et al., 2020)

omega-3 fatty acids, nutraceuticals, minerals, micronutrients, and vita-
mins (Bhatti et al., 2020).

7.2.3. Sleep

Sleep is critical for memory consolidation since it facilitates the
transfer of memory storage from the hippocampus to the neocortical
circuits. It can also accelerate the removal of metabolites from synapses,
particularly neurotoxic compounds like f-amyloid, which are linked to
Alzheimer’s disease... Additionally, sleep might be crucial for main-
taining cognitive reserve. Therefore; it is thought that sleep disturbances
may be a risk factor for cognitive impairments (Huynh et al., 2022).

7.2.4. Exercise

Aerobic activity is the majority of exercise that is discussed con-
cerning the microbiota. Regular aerobic exercise is linked to improved
cognitive function and a lower risk of dementia throughout life. Exercise
also results in a decrease in inflammation by raising levels of important
antioxidant enzymes, anti-inflammatory cytokines, and antiapoptotic
proteins (Koblinsky et al., 2023). About eight main pathways by which
Physical exercise can alter AD pathophysiology were identified by the
authors of a recent comprehensive analysis of the literature focused on
how PE affects the pathways that underlie AD pathogenesis. It’s
important to keep in mind the functions of the immune system and
inflammation among these pathways, as these are linked to pathways of
cell senescence or survival, as well as PE’s ability to shield cells from
oxidative stress and lipid peroxidation and improve insulin sensitivity
and energy metabolism (Cutuli et al., 2023).Exercise is also known to
protect against A neurotoxicity associated with the disease and to lower
the concentration of Ap in the plasma (Aczel et al., 2022).Exercises has
been shown to significantly modify the Gut microbiota in animal models
when it comes to the gut microbiota. After five weeks, they discovered
that the microbiota composition of the mice given unrestricted access to
the exercise wheel (VWR) differed from that of the control group of

450

sedentary mice (SED). Additionally, they discovered that the butyrate
concentration had increased by a factor of two due to exercise-induced
changes in two different species of butyrate-producing bacteria (SM7/11
and T2-87). This is noteworthy since colon lining epithelial cells prefer
butyrate as their energy source. It has also been shown to have several
positive impacts on gut function, such as the regulation of inflammation,
sensitivity to insulin, and satiety (Cataldi et al., 2022).

8. Preclinical studies

The primary technique employed in the Microbiota-Gut-Brain Axis
research has been the genomic or metagenomics analysis of material
obtained from human or animal models. There aren’t enough in vitro
models available yet to replicate the communication between the in-
testinal epithelium and the Gut microbiome complex or host-
microbiome interactions. studied the activity of lactobacillus fermentum
LAB9 or L casei LABPC by inducing the lipopolysaccharide-activated
BV2 cells in vitro produces the result of a decrease in neuro-
inflammation. Probiotics are hypothesized to have antioxidant benefits
by secreting compounds with antioxidant characteristics or by modi-
fying endogenous antioxidant defense systems. Although at different
degrees, antioxidant activities were found in the conditioned media and
viable cells of (Lab4) and (Lab4b), indicating both consortia as possible
neuroprotective effects Mice models can be used to study the human gut
microbiota and its function in diseases and inflammatory processes.
Human and mouse digestive tracts are anatomically and physiologically
comparable, however, there are noticeable changes between them are
observed (Carranza-naval et al., 2021). Two primary pathological
characteristics of AD are cerebral amyloidosis and severe tauopathy.
Alzheimer’s disease is significantly influenced by the gut microbiota. In
a recent study, they developed the transgenic mice model with amyloid
and neurofibrillary tangles, which exhibits amyloid plaques, reactive
gliosis, and neurofibrillary tangles in their brains along with memory
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deficits, and looked at the role of the gut microbiota on AD pathogenesis.
The gut microbiota of healthy wild-type (WT) mice was not the same as
that of ADLP APT mice. In addition, ADLP A*T mice displayed systemic
and intestinal persistent inflammation as well as a loss of epithelial
barrier integrity. Glial reactivity, cognitive impairment, and the devel-
opment of amyloid p plaques and neurofibrillary tangles were all less-
ened in ADLP A*T mice when the fecal microbiota from WT mice was
transplanted and transferred often. Furthermore, the fecal microbiota
transfer repaired the abnormal colonic expression of genes linked to
intestinal macrophage activity and the circulating blood inflammatory
monocytes in the ADLP *PT recipient mice. Changing the microbiota
through methods, such as adding beneficial microorganisms or altering
one’s diet, may be a promising preventative and treatment strategy for
AD. Probiotic formulations with one or more strains proved to be
effective oral therapies. Age-related memory decline and cognitive
impairment have been observed in mouse research. In mice with AD, in
particular, these functions are substantially impaired. In vivo research,
probiotics have successfully altered gut microbiota, which may improve
age-related cognitive abilities in animal models. For instance, an in vivo
study conducted on D-Galactose-induced AD mice by, Lactobacillus
plantarum MTCC 1325 reveals decreased levels of NFT and amyloid
plaques and increased levels of Ach, a neurotransmitter that helps to
improve behavioral activity and restore normal conditions in the hip-
pocampus and cerebral cortex of the brain. Simultaneously, the mice’s
memory and spatial learning have been shown to improve
(Nimgampalle and Yellamma, 2017). The study performed using the
(Lactobacillus plantarum KY1032 and Lactobacillus curvatus HY7601
probiotic supplement in Transgenic 3xTg-AD mice improves the delay-
ing of neurodegeneration (Medeiros et al., 2024). They performed the
study using the male Sprague Dawley rat by inducing the Ap(1—42) and
by administering the Lactobacillus and Bifidobacterium for six weeks they
improved the learning but not the memory impairment by the release of
neurotransmitters (Rezaeiasl et al., 2019). The study was carried out in
the APP/ PS1 transgenic mouse model by administering the Bifido-
bacterium Lactisprobio-M 8 to improve the Ap plaque and elevate
cognitive impairment. They performed the study using the lipopoly-
saccharide rat model, by administering a probiotic supplement con-
taining Lactobacillus helveticus R0052 and Bifidobacterium longum R0175
reduced the levels of proinflammatory cytokines in the serum and the
neuronal pathway (Mohammadi et al., 2019). Probiotic supplements are
one of the alternative approaches for AD. Preclinical studies on pro-
biotics are tabulated in Table 1 and a few are listed below.

9. Human studies

In humans the nutritional interventions that will alter gut microbiota
have been reported; these interventions primarily involve healthy vol-
unteers and older adults with memory issues. It is important to keep in
mind that AD, insulin resistance, diabetes, obesity, and cardiovascular
disease are all closely related and that developing preventative measures
is imperative. In particular, it was noted that in elderly patients with
memory impairment, long-term supplementation with beta-Lactobacte-
rium breve A1 restored cognitive skills (Bonfili et al., 2021)A recent study
found that giving AD patients a continuous milk kefir supplement
improved their metabolic and cognitive problems. It was an unmoni-
tored clinical investigation conducted to observe the impact of giving
AD patients with cognitive abnormalities a daily dose of milk kefir
(2 mL/kg) for 90 days. The study evaluated blood cell damage bio-
markers, cytokine expression, systemic oxidative stress levels, and
cognitive performance before and during milk kefir consumption, The
study found that most AD patients who supplemented with milk kefir
experienced a discernible improvement in their memory, execu-
tive/language, and visual-spatial/abstraction abilities. The study done
by cytometry revealed 100 % increased NO bioavailability along with a
~30 % drop in oxidative stress and inflammatory indicators Further-
more; improvements were noted in the areas of mitochondrial
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Table 2
Human studies on probiotics.
Probiotic Study Observation References
supplementation
probiotic-fermented During 90 days, Improving (Kumar
milk probiotic memory, et al., 2022)
supplementation supplementation language,
contains s Acetobacter (2 mL/kg/daily) executive
aceti, Acetobacter sp., was given to elderly functions, visual-
Lactobacillus Alzheimer’s patients  spatial function,
delbrueckiidel to evaluate their and systemic
brueckii, Lactobacillus ~ cytokine expression inflammation
fermentum, cognitive function,
Lactobacillus blood cell damage,
fructivorans, systemic oxidative
Enterococcus faecium, stress levels
Leuconostoc spp.,
Lactobacillus kefirano
faciens, Candida
famata, and Candida
krusei
Lactobacillus A randomized, probiotics (Akbari
acidophilus, double-blind, and treatment was et al., 2016)
Lactobacillus casei, controlled clinical ineffective on
Bifidobacterium trial was conducted other biomarkers
bifidum, and among 60 AD of oxidative stress
Lactobacillus patients by and inflammation,
fermentum administering for 12 FPG, and other
weeks to assess the lipid profile
cognitive status and
metabolic functions.
probiotic containing A randomized, Cognitive (Tamtaji
L. acidophilus, B. double-blind, performance and et al., 2019)
bifidum, and controlled clinical certain metabolic
Bifidobacterium trial was conducted profiles were
longum selenium among 79 patients enhanced in
(200 mg/day) plus with Alzheimer’s Alzheimer’s
disease disease patients
receiving probiotic
and selenium co-
supplements for 12
weeks.
Bifidobacterium breve Randomized, The Study results (Xiao et al.,
Double-Blind, that B. breve Al is 2020)
Placebo-Controlled a safe and effective
Trial was carried out  approach for
in 80 healthy older improving
adults memory functions.
Lactobacillus GG A randomized The current (Sanborn
(LGG) clinical trial was investigation et al., 2018)
carried out in a 3- found that using
month trial in LGG supplements
cognitive improved mood
functioning in and cognitive
middle-aged and function.
older adults.
Lactobacillus Randomized Probiotic (Sanborn
rhamnosus Clinical Trial carried ~ supplements et al., 2020)
out in Middle-aged containing
and Older Adults Lactobacillus

rhamnosus GG
have been linked
to better cognitive
function in middle-
aged and older
persons with
cognitive
impairment.
Supplementing
with probiotics
might be an
innovative way to
preserve cognitive
health during old
age.
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malfunction, apoptosis, DNA damage/repair, and serum protein oxida-
tion. The study findings suggest that taking supplements of milk kefir
helps with cognitive impairments and AD-related conditions such as
oxidative stress, systemic inflammation, and blood cell destruction
(Kumar et al., 2022). The study carried out by, the randomized,
double-blind, and control studies carried out using probiotic supple-
mentation for twelve weeks have improved cognitive function. Human
studies on probiotics are tabulated in Table 2 and a few are listed below.

10. Conclusion

In conclusion, this review underscores the significant connection
between gut dysbiosis and the pathophysiology of AD. Investigating the
gut-brain axis reveals how changes in gut microbiota composition can
adversely affect neurological health outcomes in older adults. Further-
more, probiotic supplementation holds promise for restoring the balance
of gut microbiota and enhancing cognitive and behavioral functions.
These findings highlight the critical need for further research into
microbiota-targeted therapies as a potential strategy for managing AD
and improving patient outcomes.
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