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Preface

The book Gut Microbiome and Brain Ageing deals with the mechanisms and phe-
nomena that relate the gut microbiome to the ageing of the brain. This book brings
forth the connection between good gut and brain ageing and includes some cutting-
edge research topics dealing with gut physiology and its importance as a future
therapeutic option in neurological disorders.

Recent research has shed light on the crucial role of the gut-brain axis (GBA) in
brain health and disease. This interplay, along with the diverse gut microbiome,
appears to play a crucial role not only in brain development and function but also in
the underlying mechanisms of neurodegenerative disorders, including Alzheimer’s
disease, Parkinson’s disease, depression, and multiple sclerosis. As life expectancy
increases, our society faces a significant demographic shift, necessitating effective
measures to address the rising demand for the diagnosis and management of neuro-
logical and neurodegenerative conditions.

The complex and dynamic interplay of the gut-brain axis and its potential for
preventing and treating a range of neuropsychiatric diseases are explored in this
book. The discovery of the intestinal flora as a critical regulator, providing a flaw-
less two-way communication route between the colon and the brain, is the core of
this book. Unravelling the complexities of this interaction offers a promising avenue
for advancing healthcare practices.

Advancements in gut microbiome research have given rise to numerous emerg-
ing strategies, such as microfluidic assays, high-throughput culturing, and engi-
neered organoids derived from human stem cells, which are discussed in this
volume, demonstrating improved efficiency and quality of research.

The gut microbiome’s impact on neuronal function, mediated by neurotransmit-
ters, vitamins, and neuroactive microbial metabolites, is an exciting area of investi-
gation that this book thoroughly explores. It also explores the expanding
understanding of the importance of the early-life gut microbiota and its implications
for long-term health consequences. Environmental influences, stress, antibiotic
exposure, and host genetics are all factors that can disrupt this delicate balance and
leave enduring imprints on the host’s behaviour and physiology.

This book aspires to be a comprehensive guide that explores the latest research,
unravels ongoing debates, and ignites curiosity for further exploration. We hope that
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viii Preface

it inspires researchers, clinicians, and curious minds alike to collaborate in this
exciting field and, together, unlock the potential of the gut-brain axis to transform
the landscape of neurological health and well-being.

We sincerely thank Springer Nature Publishers for the help in publishing
this book.

Chennai, Tamil Nadu, India Surajit Pathak
Chennai, Tamil Nadu, India Antara Banerjee
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Gut Microbiome and Brain Aging

Anjana Suresh, Pravi Prasad,
and Sreejith Parameswara Panicker

Abstract

The concept that the gut microbiota plays a significant role in maintaining physi-
ological status in the gastrointestinal (GI) system is supported by both qualitative
and quantitative transformation of the intestinal flora in various physiological
and pathological conditions, as revealed in various research studies. A relation-
ship between the gastrointestinal system and cognitive functioning is clearly sug-
gested by the evidence of neuroinflammation that is seen in neurodegenerative
illnesses like Parkinson’s and Alzheimer’s. Many factors will affect or influence
the gut microbiota. Dysbiosis in the gut microbiome is linked to a decreased
immune response, which encourages the growth of skin diseases and causes hair-
related disturbances. Gut microbiome alteration is related to many skins and
hair-related disorders. Gut-brain cross-talk has significantly improved the inter-
action between gut microbiota and gut hormones. Ayurveda can be applied to
cosmetics to balance or symbiosis the gut microbial ecology using organic plant
botanicals. According to this perspective, a physiological and non-pathological
aging process may be facilitated by modulating gut microbiota, which considers
the interdependence of microbiota products, inflammation mediators, and the
immune system. It may also help to contrast the advancement of degenerative
mechanisms. Certain investigations, with encouraging outcomes, have already
characterized the gut microbiota of elderly people. The connection between gut
microbiota, aging, and the degenerative diseases that plague older people should
be better understood through future research.
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1.1 Introduction

Age-related physiological changes can cause a steady reduction in cognitive func-
tion as well as overall brain health. Patients’ quality of life is reduced by this decline
in brain health, which is shown in a number of age-related disorders, including
moderate cognitive impairment (MCI), Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), and multiple sclerosis (MS) (Murman 2015). One’s chronological age
(time since birth) and biologic age differ greatly from one another, and variations in
the rate of aging, particularly around midlife, can have a big impact on the future
age-related decline. Furthermore, dementia development in healthy elderly people
can be predicted by biological age. Trillions of bacteria inhabit the GI tract, all con-
tinually observing, adapting to, and reacting to their surroundings. These microor-
ganisms, collectively referred to as the gut microbiota, have coexisted and developed
with their host, and they are now more commonly recognized for their contributions
to preserving that host’s health throughout their lifetime, including the health of the
brain. The gut microbiota can communicate with the brain in both directions through
a number of methods, including endocrine, neurological, immunological, and
microbial metabolite-driven pathways. Thanks to studies into these pathways, it is
now possible to more clearly understand how the gut microbiota affects biological
processes in its host, including the brain (Morais et al. 2021). These studies also
utilized direct gut microbiota manipulation techniques such as antibiotic therapy,
fecal microbiota transplantation, and microbiota injection. Germ-free (GF) mice are
those that have no bacteria. Importantly, the gut microbiota all impact the blood-
brain barrier, neurochemistry, and cellular processes in the brain, including immu-
nology and neuroplasticity. When taken as a whole, the gut microbiota is essential
for maintaining the host’s healthy neurological and cognitive processes, including
active participation in important aspects of brain aging. However, it is widely
acknowledged that the structure of the gut microbiota remains rather constant dur-
ing early- and mid-adulthood, despite community stability being disrupted in the
later stages of aging (Boehme et al. 2023). However, as people age, their gut micro-
biome’s diversity changes in diverse ways, maybe as a function of factors like diet
and health. The general population of centenarians showed a notable increase in
alpha diversity, which was explained by greater relative abundances of subdominant
taxa and decreased relative abundances of core taxa. By contrast, elderly patients in
nursing homes showed a general decline in the diversity of fecal microbes, which
was also correlated with a worsening of the patient’s health status. These contradict-
ing results suggest that aging-related alterations in the gut microbiome depend on
the community being sampled and likely lead to an increase in microbiome unique-
ness. The possibility that the gut microbiota will influence health is especially
important for elderly people. This is due to the possibility that changes in innate
immunity, sarcopenia, and cognitive function brought on by aging, and all
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components of frailty may be modulated by the microbiota. It has been shown
through studies employing cell culture-dependent and culture-independent method-
ologies that the gut microbiota of older persons differs from that of younger adults.
The composition of the microbiota does not change abruptly at any particular age or
point in time; instead, changes take place over time. Our thorough assessments have
classified the microbiota into categories according to age, prolonged residential
care, dietary habits, and the degree of retention of a core microbiome. We are start-
ing to comprehend how these groups alter as people age and how they connect to
clinical characteristics.

1.2 Gut Microbiota and Homeostasis

Numerous human diseases are linked to alterations in the gut microbiota’s makeup.
However, based on the existence or absence of specific microbial species, still
unable to differentiate between homeostasis and dysbiosis (Ipci et al. 2017). Diet
and host variables that control and guide microbial growth determine the makeup
and function of the adult gut microbiota. The small intestine’s lumen receives oxy-
gen and nitrate from the host, favoring bacteria that employ respiration to produce
energy. By contrast, the host restricts the availability of nitrate and oxygen in the
colon, creating a bacterial community that depends on fermentation for growth.
Although nutrition affects the composition of the microbiota, a poor diet inhibits the
host regulatory systems that manage the microbiota. Therefore, assessing host fac-
tors that influence microbial development may assist in distinguishing between
homeostasis and dysbiosis and provide alternate methods for treating dysbiosis.
Numerous human diseases, including cancer, obesity, and even neurological disor-
ders, are correlated with alterations in the makeup of the gut-associated microbial
populations (gut microbiota) (Scott et al. 2013). Identifying the factors that affect
the gut microbiota is, therefore, one of the key objectives of microbiome research.
Diet is one factor that affects the gut microbiota’s makeup. Weaning causes a sud-
den change in food that alters the phylum-level makeup of the fecal microbiota.
However, the fecal microbiota of healthy people and the community present in
breastfed children before weaning are homeostatic. Therefore, alterations in the gut
microbiota caused by nutrition are not always linked to disease.

Furthermore, due to the significant variation in species composition of the gut
microbiota between individuals, it is impossible to discriminate between homeosta-
sis and dysbiosis simply on the presence or absence of certain microorganisms. It is
challenging to transfer studies into medical interventions due to the lack of knowl-
edge regarding the ecological causes of dysbiosis and the causal impact of dysbiosis
on disease. Energy in the form of adenosine triphosphate (ATP) is necessary for
bacterial development. Microbes that can produce the most energy in a certain envi-
ronment will expand more quickly and take control of microbial communities.
When respiratory electron acceptors, such as oxygen, are present in the environ-
ment, bacteria that respire will predominate a microbial community, because respi-
ration produces more energy than fermentation (Siddiqui et al. 2022). The host
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molds its gut microbiota based on these bacterial community composition princi-
ples. To encourage the composition of the microbial community to be dominated by
bacteria that employ respiration for energy production, our body maintains a high
luminal oxygen content in the small intestine. Contrarily, by keeping the epithelium
in a condition of physiological hypoxia, the host restricts the amount of oxygen that
can enter the large intestine lumen, which promotes the predominance of bacteria
that use fermentation as a source of energy. According to recent findings on the
ecological causes of dysbiosis, a breakdown of homeostasis is typically accompa-
nied by a deterioration of the host’s control mechanisms for managing the micro-
biota. Mouse models of colorectal cancer, ulcerative colitis, antibiotic therapy, or
enteric infection result in compromised host control mechanisms that restrict the
amount of oxygen available for bacteria in the colon. The abundance of oxygen-
rebreathing bacteria in the colonic microbiota is increased due to increased oxygen
availability (Widhiati et al. 2022). Similarly, a Western-style high-energy, low-fiber
diet has unfavorable health impacts and is linked to weakened host factors that regu-
late the microbial ecosystem in the gut. According to these mechanistic discoveries,
dysbiosis is connected to a condition of diminished host control over the microbial
environment. In contrast, gut homeostasis is a condition in which host activities
regulating microbial development are regular (i.e., those characterizing a healthy or
properly functioning person).

Dysbiosis in an environment caused by a loss of microbial homeostasis may
result from altered metabolic processes, lower alpha diversity, a lack of keystone
taxa, a decrease in metabolic function, or an increase in pathobiont abundance. A
unique microbial ecological state can be seen there. Taxonomic and functional dys-
biosis are the two basic classifications of dysbiosis (Sun et al. 2023). Taxonomic
dysbiosis is an ecosystem’s imbalance of microbial species, characterized by abnor-
mal constituents, perturbations, altered composition, and decreased diversity and
richness. Pathogen abundance may increase, and keystone taxa may disappear, or
alpha diversity may decrease. A decline in microbial diversity may be seen at sev-
eral taxonomic levels, such as phylum, class, genus, or even species level (Tsai et al.
2023). Obesity is associated with a phylum level imbalance, with a higher propor-
tion of Firmicutes than the other prominent phylum Bacteroidetes. Firmicutes have
enriched genomes that enable them to produce obesity and energy from food com-
ponents more effectively. IBD, on the other hand, is connected to a decline in micro-
bial diversity. Taxonomic dysbiosis is the imbalance of microbial species in an
ecosystem, characterized by anomalous constituents, perturbations, altered compo-
sition, and decreased diversity and richness (Riaz Rajoka et al. 2021). Pathogen
abundance may increase as a result, and keystone taxa may disappear, or alpha
diversity may decrease. A decrease in microbial diversity may be seen at several
taxonomic levels, such as phylum, class, genus, or species level. A phylum level
imbalance, with a higher proportion of Firmicutes than the other significant phylum
Bacteroidetes, is linked to obesity. Firmicutes have enriched genomes that make it
easier for them to manufacture components of obesity and food-based energy. IBD,
however, has been linked to a decrease in microbial diversity.
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The homeostasis state of microbial ecology may be impacted by factors that
affect microbial growth, colonization effectiveness, metabolic processes, and com-
munication between microbial species (Turroni et al. 2020). Diet and xenobiotics
significantly impact gut microbial ecology’s short-term and long-term homeostasis.
The three nutrients that people consume most frequently are carbohydrates, pro-
teins, and lipids. Diets high in fat and poor in fiber diminish the variety of microbes
in the gastrointestinal tract. Prevotella copri and Xylanobacter grow best on diets
high in fiber, while Proteobacteria thrive on diets high in energy-dense simple sug-
ars. Bacteroides thrive in diets high in protein. In healthy subjects, our recent study
also showed a relationship between dietary practices and the makeup of the GIT
microbiota.

1.3  The Gut Microbiome During Aging

Modern medicine has greatly increased life expectancy, and most people in affluent
nations may today anticipate spending at least 4 score years on earth (Lee et al.
2022). The current challenge is to increase life expectancy and decrease the length
and intensity of morbidity that occurs before death. In addition, an increasing num-
ber of elderly persons prefer or are expected to be competent in independent living
due to changes in family and societal structures. Frailty is the biggest obstacle to
independent living. Frailty does not result from chronological aging but rather from
the accumulation of illnesses. The “organ” of the human body made up of the bac-
teria in the gut may not follow the typical trajectory of physiological deterioration
(Ballini et al. 2020). Although gut bacteria do not age per se, comorbid conditions
linked to the stomach and gut bacteria may start to affect older persons. Thus,
whether the microbiota in the human gut can influence aging or if it merely adapts
with advancing age naturally emerges.

Homeostasis gradually disappears as we become older, and we become less
functional and more susceptible to death. Among age-related diseases are infec-
tious, neoplastic, metabolic, and degenerative illnesses associated with frailty and
cognitive loss (Guang et al. 2020). The fundamental signs of aging in mammals
have been recognized, including their molecular and cellular characteristics; how-
ever, these signs are accompanied by changes in the microbiome, which in turn
influence the speed of age-related decline. The microbiome alterations associated
with aging are extremely varied and regulated by internal and external environmen-
tal variables. For instance, the gradual degradation in the alimentary tract’s physiol-
ogy would inevitably impact the gut microbiota. Because the newborn comes into
contact with the mother’s feces, vaginal, skin microbiota, and other microbial com-
munities, the human body becomes more colonized with bacteria both before and
after delivery (Quaglio et al. 2022). In turn, factors like age, sex, immune system
development, and environmental factors affect the composition of the gut microbi-
ota, which stabilizes between the ages of 6 and 36 months. A continuous endoge-
nous flora, referred to as the “core microbiota,” can be distinguished from bacteria
that are still provisional and vulnerable to external disruptions. After a genetically
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and environmentally established age, the gut flora changes with age, depending on
a person’s racial or ethnic background, drug use, way of life, and dietary prefer-
ences. Although Bacteroidetes bacteria dominate in the elderly and Firmicutes bac-
teria in adults, most members of the Firmicutes and Bacteroidetes genera continue
to be dominant.

Reduced diversity, a lack of species that produce butyrate, and potential patho-
gens in the gut microflora of centenarians are the main characteristics of the aged
population (Hajishengallis and Lamont 2016). The link between the host and the gut
microbiota has been seen as centered on the generation of SCFAs, which helps
explain the connection between changes in the flora and a rise in frailty in the
elderly. According to Biagi et al., the gut microbiota of older individuals has an
unusual composition. Four groups were compared in a small area of Italy in this
study. Twenty participants aged 25-40, 21 subjects aged 99-104, and 21 subjects
aged 59-78 are centenarians’ offspring. Bifidobacteria levels dropped, and the
mucin-degrading bacteria rose. Compared to young individuals, Akkermansia
muciniphila has also been seen in older people (Inceoglu et al. 2011). A group of
centenarian patients’ descendants was also included in the study, even though the
gut microbiota’s general organization was identical to that of other subjects.
Although the gut microbiota’s overall composition matched that of subjects of a
comparable age (70 years old on average), children of centenarian parents who
shared a home with them showed a higher prevalence of opportunistic or potentially
pathogenic bacterial groups than children who did not. As a result, cohabitation may
impact these participants’ gut microbiota’s composition.

1.4  Elderly-Specific Factors Affecting the Gut Microbiota

One of the most well-known elements that may be able to alter the nature of the gut
microbiota is diet, which has been proven in older adults. Dietary changes brought
on by aging include loss of taste and smell as well as difficulty chewing (Chiu
2022). People who suffer from these conditions usually prefer diets heavy in carbo-
hydrates and fats while consuming less foods with a plant origin. The Nutritious
Food Diversity (HFD), which emphasizes the importance of eating nutritious foods,
was recently developed. The investigation by the ELDERMET cooperation vali-
dated the link between microbial elements and a diet with a low HFD score. Certain
researchers discovered a connection between microbial diversity, the functional
independence measure (FIM), and the elderly patients’ capacity to carry out daily
activities as determined by the Barthel index, depending on whether the elderly
patients were receiving long-term residential care, day hospital care, or rehabilita-
tion (Das and Nair 2019). Particularly, it was discovered that dietary differences
between institutionalized seniors and seniors living in the community impacted the
makeup of the gut microbiota: A less varied diet was associated with a less diverse
population of gut bacteria. But in addition to food, other factors may affect the
microbiota of the elderly. In addition to food, Claesson et al. found that the loss in
microbial diversity was linked to increased frailty, inflammatory markers, and worse
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health indices. The modification of gut microbiota was also influenced by residence
and antibiotic use.

Last but not least, it should be emphasized that some bacterial composition
changes are less vulnerable to external influences and may likely reflect the funda-
mental components of the gut microbial community in the elderly. Ruminococcus
and Blautia spp., as well as other butyrate-producing bacteria (Clostridium cluster
XIVa and Clostridium cluster IV), have been seen to decline in studies involving
senior persons compared to younger participants. Escherichia coli and other facul-
tative anaerobes are on the rise due to aging and inflammation, which is another
typical finding. Most likely, the variability caused by dietary patterns outweighs
changes in immune system function linked to immunosenescence in predicting
these alterations.

According to recent research, the gut microbiota has a role in initiating and main-
taining the inflammatory process. Zhang et al. studied how aged mice’s gut micro-
biota was transferred to young germ-free mice to see how those organs responded.
These basic lymphopoietic organs include the spleen, lymph nodes, and small intes-
tines. (Veenhoven 2005). Strong links between gut microbiota structure and inflam-
matory aging have been found; in particular, the absence of Akkermansia and the
rise in TM7 bacteria and Proteobacteria abundance were linked to the beginning of
the local and systemic inflammatory response. The microbial population in the gut
encouraged T-cell activation in the systemic compartment and small intestine
inflammation. Specifically, the activation of the microglia in the central nervous
system can be modulated by the modulation of inflammatory cytokines linked to
changes in the gut microbiota. However, either total or partial gut cleansing can
impact microglial function. Germ-free mice have abnormal maturation and a gen-
eral malfunction of the microglial system. SCFAs mostly regulate the integrity of
the microglia. This is very important for elderly people and causes cognitive dete-
rioration. Additionally, there is evidence that substances from the gut microbiota
that enter the bloodstream and are either components of bacterial structure or
metabolism can activate macrophages into a pro-inflammatory state responsible for
atherosclerosis. This mechanism may bring on both vascular dementia and cardio-
vascular illness. Consequently, it has been proposed that altering the gut microbi-
ome can treat neurodegenerative diseases. There is proof that the gut microbiota’s
regulation significantly affects the inflammatory process. Indeed, it has been dem-
onstrated that giving Lactobacillus brevis OW38 orally to elderly mice strengthens
the tight junctions of the intestinal barrier, lowers the levels of circulating LPS, and
inhibits the release of pro-inflammatory cytokines through suppressing NF-kB acti-
vation (Candela et al. 2014). Additionally, p16, p53, and SAMHDI senescence
markers in the colon and hippocampus decreased, whereas Bacteroidetes. Amyloid-f§
(Ap) peptide and tau are deposited in the brain during Alzheimer’s disease, which
causes cognitive performance to deteriorate. It looks like the intestinal microbiota
might be contributing to this procedure, albeit the exact cause is not yet known.
Studies conducted in vivo and in vitro have revealed a correlation between certain
factors and the development of lipopolysaccharide (LPS), one of the microbiota’s
most significant products. Strongly regarded to be amyloidogenic are these proteins.
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On the other hand, research using overexpressed mouse models of the amyloid pre-
cursor protein and presenilin 1 (APPPS1) has demonstrated that changes in the
inflammatory cytokine-dependent pattern brought on by prolonged antibiotic ther-
apy affect the microbiota, which in turn affect the formation and deposition of the
amyloid protein. Studies using antibiotic medication administered at birth and
examining the best time for the microbiota’s influence on neurodegeneration further
supported these findings.

1.5 Gut-Brain Axis

One of the most involved areas of biology is the gut-brain axis. Simply, it connects
our brain and gut (Drago et al. 2012). The microbiome in this region is having a
huge impact on our overall health and well-being. The enteric nervous system and
the central nervous system are strongly linked by the GBA axis. The brain and spi-
nal cord are both parts of the central nervous system. The brain controls most of the
body’s vital functions (Boris and Vanessa 2023). It is very complex in nature. It is
mainly divided into three major parts: cerebrum, cerebellum, and medulla. The larg-
est and highest region, the cerebrum, is split into two hemispheres. It mainly con-
trols voluntary actions (Garehdaghi and Sarbaz 2023). The cerebellum is a small
part of the brain located at the back of the head. It plays a major role in regulating
motor movement and balance. Medulla oblongata is a tale-like structure forming the
brain’s bottommost part (Park 2023). It is the chief site of many important reactions,
such as cardiovascular, respiration, vasomotor, and involuntary functions. It con-
nects the brain stem and spinal cord. The spinal cord is a tubular structure tightly
packed by the column of nerve tissues. It extends downward from the brain stem
through the central column of the spine. It mainly transmits the signals to-and-fro
from the brain and other body parts. On the other hand, the gut nervous system, also
called the enteric nervous system, controls digestion, absorption, and secretion and
is known as the second brain (Nakamura et al. 2022). Enteric nervous system is a
large division of peripheral nervous system. It autonomously controls gastrointesti-
nal function. Its mesh-like structure consists of millions of neurons in the gastroin-
testinal tract, mainly motor, sensory, and interneurons. The neurons in the ENS can
be grouped into three categories mainly: intrinsic primary afferent neurons, inter-
neurons, and motor neurons. Ingested food and drink items primarily cause intrinsic
primary afferent neurons to sense mechanical and chemical inputs. The motor neu-
rons synchronize peristalsis and muscular contractions in the GI tract. Interneurons
process information from sensory neurons and give instructions to motor nerves, to
act accordingly on the effector system.

Numerous studies conducted in the past years found that the gut and brain are
always in constant communication. The cognitive center of the brain and peripheral
gastrointestinal tract is connected via gut-brain axis and linked directly through
each other. This signaling is done in neuronal, endocrinal, immunological, and
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humoral ways. These transduction pathways allow the brain to influence the gut
directly and vice versa (Matsumoto et al. 2023). That is, physiological concerns like
stress, anxiety, depression, sadness, anger, etc. can be directly worse the gut condi-
tion. Similarly, any alterations or disorders in the gastrointestinal tract can affect the
cognitive behavior in a serious way. The gut microbiota controls healthy aging,
which mediates this bidirectional transmission of nerve signals between the central
nervous and enteric nervous systems through the gut-brain axis (Tarride 2023).

Microbiota in the human gastrointestinal tract regulates metabolic and physio-
logical functions, and their relative abundance and distribution are similar under
normal conditions (Carabottia et al. 2015). In addition to affecting intestine func-
tion, the central nervous system is significantly impacted by gut microbes. Evidence
from the clinical and experimental studies validated this, and the concept of gut-
brain microbiome is one of the most sought areas of biology. It is a large community
of symbiotic microorganisms. Among 1000 different bacterial species, the most
prominent are bacterial phyla Firmicutes, Bacteroidetes, Actinobacteria, and
Proteobacteria (Dahiya and Nigam 2023). The harmonious existence of host and
microbiome is essential, because it has immense control over digestion and absorp-
tion of nutrients, vitamin synthesis, angiogenesis, cell maturation, development and
defense mechanism. Any distortions in the gut microbiome compositions alter the
CNS mechanism and lead to neurological diseases (Naseribafrouei et al. 2014). Gut
microorganisms have a substantial impact on the central nervous system, in addition
to influencing intestinal function (Rutsch et al. 2020). These changes might be due
to genetic, lifestyle, and environmental factors.

The microbiome in the GBA acts as an effective modulator of healthy aging.
Aging is a serious concern worldwide due to its physical, mental, and socioeco-
nomical features. Elder people need keen attention from society in every aspect,
because aging demands it. One of the major reasons behind brain aging is the lack
of renewal of degenerative neuronal cell. Since the gut microbiome is a key control-
ler of brain function and regulation, a rise in the study of GBA axis microbiota
occurs to confirm its linking property with CNS (Yousefi et al. 2022). Healthy aging
and gut microbiome are closely allied. The balanced composition with host micro-
biome is essential to maintain less detrimental effects of unhealthy aging. As ages
increase, there is a high chance of gut microbiome composition alterations worsen-
ing conditions. Gut microbiota dysbiosis also contributes to unhealthy aging. So, to
keep the nutritional profile of the host homeostasis, it is apparent to maintain the
balance between microbial community. It can be achieved through corrections in
lifestyle, physical exercises, following an appropriate diet, and meditation.
Maintaining a harmonious association leads to a well-being life of the host. Tracking
the microbial community composition and brain alterations paves the way to inno-
vative microbial drug therapy (Zeng et al. 2023).
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Fig. 1.1 Relationship between dysbiosis in the gut microbiota and disease. (a) Dysbiosis in the
gut microbiota affects several neurological and gut-related diseases (a) Parkinson’s disease and
Alzheimer’s disease, type II diabetes (T2DM), obesity, cardiovascular disease, and depression and
autism spectrum disorders. (b) Disease caused in the gut due to dysbiosis: IBS, IBD, disruption of
intestinal barrier

1.6  Gut-Brain Axis in Aging

GBA axis is the connecting link of the cognitive behavior center of the brain with
peripheral intestine functions which holds a significant role in aging (Li et al. 2023).
The degeneration of neuronal cells without renewal and repair leads to brain aging.
It results in severe and detrimental consequences for the patients, their families, and
society as a whole. Numerous studies validated that the alterations in the gut-brain
axis’s microbial composition contribute to various neurodegenerative disorders.
GBA axis consists of beneficial bacteria which help in human physiological and
metabolic activities. At the same time, it also comprises harmful bacteria species
which impart infections, inflammations, and lethal effects to humans (Dos Santos
et al. 2022). There is evidence tying the gut microbiota to degenerative diseases like
Parkinson’s disease and Alzheimer’s disease as well as chronic problems like type
II diabetes (T2DM), obesity, cardiovascular disease, and neuropsychiatric disorders
including depression and autism spectrum disorders (Fig. 1.1.).

1.7 Gut Microbiome and Alzheimer’s Disease

The excessive buildup of abnormal extracellular amyloid plaques in Alzheimer’s
disease (AD), a form of dementia, is brought on by the degradation of the amyloid
precursor protein (APP), tau protein hyperphosphorylation, and protein misfolding,
which results in the formation of intra-neurofibrillary tangles inside neurons
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(Toricelli et al. 2021). Gut microbiome dysbiosis contributes to this dreadful dis-
ease. The microbial population secretes negative metabolites in addition to neuroac-
tive substances like serotonin, y-aminobutyric acid (GABA), acetylcholine,
tryptophan, and catecholamines (Pearce et al. 2018). This makes the gut barrier
more permeable, which eventually allows these toxic substances to be transported
to the brain via the gut-brain axis, where they cause AD to develop. Gut microbiome
alterations cause numerous toxins produced by bacteria and inflammatory product
formation. This neurotoxin will accumulate in the CNS system. According to stud-
ies, the gut microbiota of people with AD stimulated C/EBP/AEP signaling, which
in turn triggered the brain’s polyunsaturated fatty acid (PUFA) metabolism in a pro-
inflammatory manner, driving microglial maturation to AD pathologies and cogni-
tive deficits. It confirms the causal relationship between GM changes and the
pathophysiology of AD. Considering all these supporting documents, the GM com-
munity can be used as the predictive tool for diagnosing AD. It will assist in halting
the development of AD and monitoring its prognosis (van Olst et al. 2021). So, from
all the available clinical and experimental data, it can be concluded that gut micro-
bial alterations lead to the pathogenesis of AD.

1.8 Gut Microbiome and Parkinson’s Disease

A prevalent neurodegenerative condition is Parkinson’s disease, affecting motor
neurons in the CNS. The neurons in the substantia nigra are lost, where the produc-
tion of dopamine takes place (Wasén et al. 2022). So, this will lead to tremors in one
hand, leading to slow movement causing stiffness and loss of balance. The central,
autonomous, and enteric nervous systems’ neurons are affected by the accumulation
of improperly folded alpha-synuclein (a-syn) proteins, which create intracellular
inclusions within the neurons. The gut microbiome alteration causes these changes,
distorting the gut’s permeability and functions of the intestinal barrier. This will
produce inflammation, promoting injury and degeneration of neurons. All these
changes contribute to the misfolding of alpha-synuclein (a-syn), and gut microbi-
ome, which can be the risk factor for diagnosis and prognosis of Parkinson’s disease
(Kalia and Lang 2015).

1.9 Gut Microbiome and Schizophrenia

Schizophrenia is a serious psychiatric disorder which is characterized by delusions,
hallucinations, apathy, withdrawal, slowness, and many more concerns (Vizcarra
et al. 2015). It is terribly affecting the lives of the patients in numerous ways.
Dysbiosis in gut microbe bacteria is linked with this dreadful condition; still, future
studies are evident for confirmation. Recent studies noted that in schizophrenia, the
elevation of certain species in the gut microbiome is prominent. It was found that
the significant increases of Lactobacilli somehow contribute to this disease and are
used as a marker. In reaction to changes in the gut microbiome, inflammatory
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substances such interferons, tumor necrosis factor, and antibodies are produced
more frequently. Also, higher levels of the bacterial translocation marker sCD14
have been observed in schizophrenia (Scheurink et al. 2023). All these potential
toxic compounds lead to neurons’ inflammation and harmfully affect the central
nervous system.

1.10 Gut Microbiome and Multiple Sclerosis

Multiple sclerosis is a neurodegenerative disease in which the immune system
destroys the myelin sheath that protects nerve fibers, thereby leading to miscom-
munication between the brain and the rest of the body (Hassanzadeh et al. 2023).
The major symptoms include demyelination, axonal damage, gliosis, and neuronal
loss. This disabling disease causes terrible effects on patients and society. The dys-
biosis in GM triggers this condition. Any variations in microbial community com-
position cause an inflammatory response and induce neuronal injury and
degeneration. The changes in the permeability of gut and blood-brain barriers lead
to the transport of immune cells, CD4+ and CD8+ T lymphocytes, to the central
nervous system. Multiple interferons will be produced as a result, activating macro-
phages to release reactive oxygen and reactive nitrogen species (ROS and RNS),
which inflict damage on neighboring tissues.

Additionally, they generate interleukin 12 (IL-12), which raises INF and increases
the production of TNF. All these factors contribute to inflammation, eventually
leading to demyelinating plaque deposition. Studies found that the elevation of
Streptococcus mitis can induce the production of Th17 cells and causes neuronal
tissue damage. It is also validated that the significantly higher amount of pro-
inflammatory microbial species Methanol Brevibacter (phylum Euryarchaeota) and
Akkermansia (phylum Verrucomicrobia) contributes to MS. The subsequent reduc-
tion of anti-inflammatory microbe Butyricimonas is also documented. So, together
they contributed to inflammation and, thereby, neuronal damage in the central ner-
vous system (Sadek et al. 2023).

1.11 Gut Microbiome, Depression, and Anxiety

Clinical evidence and laboratory studies have shown a tight connection between gut
microbiome dysbiosis and psychological disorders. Stress, rage, melancholy, bipo-
lar illness, anxiety, etc. directly impact gut health, which in turn worsens our mood
patterns. Thus, study on this cross-talk is constantly focused. Alterations in the gut
microbiome initiate inflammatory mechanisms, leading to the disruption of central
nervous system neurons. In patients with psychiatric illnesses, a sizable drop in
microorganisms that produce butyrate has been observed (Nikolova et al. 2021). As
a result, the gut microbiome’s composition can be used as a diagnostic indicator for
sickness, opening up new possibilities for the study of psychobiotics.
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The imbalance in the GM composition will distort the intestinal epithelial bar-
rier. As a result, inflammatory bacterial products (such lipopolysaccharides) are
transported across the intestinal mucosa and into the bloodstream. The neurological
system’s ability to operate properly can then be hampered by inflammatory by-
products, which can also cause inflammation to worsen and provoke unfavorable
immunological reactions that might worsen the symptoms of psychiatric disease.
Therefore, healthy maintenance of well-balanced GBA axis microbiome is essential
for the effective association between the central and enteric nervous systems
(Collins and Bercik 2009).

1.12 Skin Pathophysiology and Gut Microbiome

By tolerating the antigens in healthy flora, the digestive tract, which is important for
immune system defense, keeps the balance with commensal microorganisms.
Dysbiosis may result in tissue damage or autoimmune reactions after an inflamma-
tory response (Tlaskalova-Hogenovd et al. 2004; Bourlioux et al. 2003). The patho-
physiology of cancer has been connected to changes in the gut microbiota and
allergy, cardiovascular, gastrointestinal, metabolic, neurodevelopmental, and psy-
chiatric illnesses. Additionally, there is growing proof that the skin-gut axis, some-
times known as the gastrointestinal microbiome, is related to skin conditions
(Polkowska-Pruszynska et al. 2020; Bosman et al. 2019). It has long been known
that the intestine and skin have a strong link since gastrointestinal (GI) problems
frequently present with skin symptoms. Numerous studies have demonstrated a
reciprocal association between the stomach and skin related to GI health, skin
homeostasis, and allostasis. Firmicutes, Bacteroidetes, Proteobacteria, and
Actinobacteria are the four phyla that predominately comprise the gut microbiota
(Bai et al. 2019). These phyla make up 93.5% of isolated human fecal material, and
their composition reflects their regional physiological characteristics. As a result,
they exhibit distinctive traits in inflammatory skin diseases as chronic urticaria, pso-
riasis, atopic dermatitis, and acne vulgaris.

The term “chronic urticaria” (CU) refers to persistent urticaria that lasts for more
than 6 weeks without a known cause (Nettis et al. 2004). Changes in the bacteria
Akkermansia muciniphila, Faecalibacterium prausnitzii, Clostridium leptum, and
Enterobacteriaceae have been observed in CU patients (Nabizadeh et al. 2017).
Additionally, serum metabolome study demonstrated that butanoate metabolic path-
way and gut microbiota-associated changes in unsaturated fatty acids may contrib-
ute to CSU. These findings may be linked to inflammation caused by an imbalance
of the cytokines Th1/Th2/Th17, which may have a role in the pathophysiology of
CSU. More studies in this area could lead to more effective clinical, diagnostic, and
therapeutic methods for treating CSU patients.

A prevalent and persistent skin condition known as psoriasis is regarded as a
systemic inflammatory disorder. Psoriasis and psoriatic arthritis’ subclinical gut
inflammation and microbiome exhibit a distinctive pattern of dysbiosis (Myers et al.
2019). Numerous studies look at various theories on the role of the gut microbiome
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in the pathogenesis of psoriasis and psoriatic arthritis, such as compromised immune
homeostasis, increased intestinal permeability, and an imbalance of bacteria that
produce short- and medium-chain fatty acids (Scher et al. 2015). Recent scientific
studies have revealed that people with psoriasis have significant gut and skin dys-
biosis. Microbiome alpha-diversity (the abundance of several bacterial taxa assessed
in one sample) and beta-diversity (microbial diversity in different samples) were
significantly reduced in psoriasis-affected skin. It has been demonstrated that when
compared to healthy skin, the presence of Cutibacterium, Burkholderia spp., and
Lactobacilli is decreased. In contrast, Corynebacterium kroppenstedtii,
Corynebacterium simulans, Neisseria spp., and Finegoldia spp. are more prevalent.
Psoriasis patients’ gut microbiomes had changes comparable to those seen in
inflammatory bowel disease patients. In those two disorders, the prevalence of
Salmonella spp., Campylobacter spp., Helicobacter spp., Escherichia coli,
Alcaligenes spp., Mycobacterium spp., F. prausnitzii, Bifidobacterium spp.,
Lactobacillus spp., Parabacteroides, and Coprobacillus were underrepresented
(Olejniczak-Staruch et al. 2021).

Dryness and itching of the skin are symptoms of the chronic, multifactorial
inflammatory skin condition known as atopic dermatitis (Henley et al. 2014). After
childhood, the gastrointestinal microbiota appears to stabilize. For the gut microbi-
ota, there is also a sizable heritable component. There are notable differences in the
microbial taxa, relative percentages, and amounts between the various digestive
tract regions. Early gut bacteria colonization may be crucial in stopping AD from
progressing. Topical medications that target the skin barrier aid in the development
of a neo-microbiome from deeper compartments. Although probiotics, prebiotics,
and symbiotic have been studied for the treatment of AD, further research is required
(Petersen et al. 2019).

Propionibacterium acnes (formerly known as Cutibacterium acnes) prolifera-
tion, hyperkeratinization, and inflammation work together to generate acne, a der-
matological condition that commonly presents and leaves behind debilitating
psychological scars (Jafferany and Davari 2019). The plethora of scientific evidence
that suggests the gut microbiome is involved in the host’s overall health and physiol-
ogy is consistent with the findings of numerous studies demonstrating the gut
microbiome of people with acne is different and exhibits less microbial diversity
than that of persons without acne. The phrases “acne,” “C. acnes,” “IGF-1,” “sebum,”
and “gut microbiome” are used in this article (O’Neill and Gallo 2018).

1.13 Gut Microbiome and Skin Aging

The gut and skin are the human system’s chief organs and play an important role in
the defense mechanism (Dalmo et al. 1997). They share a structural and functional
unique relationship with each other. The gut’s inner surface and the skin’s outer
surface are protected by epithelial cells (Gallo and Hooper 2012). The EC cells
prevent the entry of microorganisms into the host cells. The squamous epithelium
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contains keratin which makes skin resistant to toxic pathogens, and the mucosa’s
glycoprotein layer helps eliminate the bacteria (Coates et al. 2019).

Similarly, the gut system contains saliva, and lysozyme secretes compounds to
prevent the entry of antigens. It forms a physical barrier between the host and micro-
organisms (Jena et al. 2023). Gut system is immensely rich with diverse species of
microorganisms. Various studies reported a direct connection between the gut
microbiome and skin health (Ngo et al. 2022). It is essential to maintain the GM
composition balanced for skin homeostasis. Gut microbes are key in maintaining
epithelial cell barrier texture and providing immunity (Madison 2003). Dysbiosis
triggers the production of inflammatory pathways, which cause the formation of
toxic inflammatory products. It will reach the skin through the gut-skin axis and
manifest different skin disorders.

Aging leads to GM dysbiosis. Similarly, GM dysbiosis contributed to the early
aging of skin (Kim and Ho 2010). Though both are bidirectionally connected to
each other, the balanced association is very essential. Modern busy lifestyle, ade-
quate nutritional diet, lack of physical exercise, unmanageable stress, non-hygienic
environmental conditions, and genetics together contribute to the imbalance in
microbial community composition in the gut (Anwar et al. 2019). It will alter
changes, and as a result, significant addition or reduction of many microbial species
is noted in the skin-associated disturbance. This will lead to unwanted immunologi-
cal responses, toxic inflammatory products disrupting homeostasis, and, finally,
skin aging.

1.14 Gut Microbiome in Skin and Hair Pathology

Evidence indicates that GM dysbiosis manifests pathological skin conditions. Even
the slightest variation from the normal composition triggers adverse effects. In Acne
vulgaris, patients showed decreased diversity in GM with reduced Firmicutes and
increased levels of Bacteroides (Widhiati et al. 2022). The inflammatory disease
atopic dermatitis manifests due to increased production of Faecalibacterium praus-
nitzii, which produce harmful compounds that damage the epithelial barrier’s integ-
rity, reduce the production of butyrate and propionate, and exhibit anti-inflammatory
property. Patients with severe chronic inflammatory disease psoriasis have more
Streptococcus and Staphylococcus species than healthy individuals (Lewis et al.
2019). Experimental data provide insight into the link between GM dysbiosis and
skin cancer. Due to the prognosis, cancer patients are exposed to various chemical
and immune therapies, causing a disturbance in the gut microbiome. It is revealed
that colorectal cancer (CRC) is associated with an increase in Bacteroides fragilis
(Gribble and Reimann 2016). All this evidence and data confirm the direct associa-
tion between gut microbiota and skin pathology.

Clinical analysis and experimental results documented Gm dysbiosis causes
hair-related disturbance. Relevant studies from the past few years conducted
research on the topic, and results were validated. The consumption of Lactobacillus
paracasei strain in seborrheic dermatitis is found to be effective in lowering the
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severity of the disease (Thomas et al. 2016). The solid association between hair fol-
licle disruption in alopecia and GM dysbiosis is verified in clinical cases. Alopecia
manifestation triggers an alteration in the gut and produces interferons in the sys-
tem. This leads to the abnormal development hair follicles and, ultimately,
destruction.

1.15 Gut Skin Brain Axis

The human system’s microbial ecology is crucial for properly regulating and sus-
taining homeostasis (Wozniak et al. 2021). Slight variations in composition may
lead to inflammatory pathways, which cause the formation of toxic compounds
damages the integrity of cells in any part of the body. The direct connection of gut
microbiota with other distant sites, skin, and brain is essential in diagnosing and
prognosis chronic diseases. Any disturbance in the cognitive center will disturb the
normal composition of GM, and exposure to harmful components also alters the gut
microbiota. In neurological and endocrinological diseases, gastrointestinal tract
microbe’s alteration directs toxic inflammatory products and carries them through
gut-brain axis. They reach the central nervous system and accumulate. Ultimately it
will cause neuronal injury and unrepairable neuronal degeneration. Similarly, GM
dysbiosis in the gut system will impair the integrity of epithelial cells. So, the skin
might unable to perform as a physical barrier to foreign bodies and fail to perform
defense mechanisms. Therefore, it is an undeniable fact that to maintain a healthy
well-being state, we have to keep the microbial community composition in the gut
system balanced (Zoppi 2021).

1.16 Hormone Interaction and Gut-Brain Axis

The equilibrium of the gut-brain axis has been linked to several effects on both
physical and mental health. Important signaling molecules within the gut-brain axis
include the gut hormones generated by enteroendocrine cells dispersed throughout
the gastrointestinal tract (Thomas et al. 2016). Gut-brain cross talk has considerably
valued the connection between gut bacteria and gut hormones. The microbiota is
crucial in regulating numerous gut-brain axis-related diseases, from gastrointestinal
problems to psychiatric conditions. Similar to this, gut hormones are crucial signals
in the gut-brain axis that play a variety of vital and pleiotropic roles in maintaining
health. More critically, the release and activities of gut hormones can be impacted
by gut bacteria. Since some bacteria may create or metabolize these hormones, the
gut microbiota may directly impact the host’s hormones. Neurohormone production
by gut bacteria has been discovered; some bacteria, such as Bacillus and Serratia,
can create dopamine, for instance. According to reports, numerous hormones in GF
mice were significantly different from those in mice grown conventionally.
Norepinephrine, 5-HT, and dopamine levels decreased, whereas GLP-1, corticoste-
rone, and adrenocorticosterone levels were all raised. Following antibiotic therapy,
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the plasma leptin level dropped (WozZniak et al. 2021). Studies have uncovered cru-
cial gut microbiota, host hormones, and gut-brain axis information. For 16 weeks,
prebiotics were given to children who were overweight or obese. In the gut micro-
biome, In the gut microbiota, Bifidobacterium increased, whereas Bacteroides vul-
gatus significantly decreased. Despite making up only 1% of the intestinal epithelial
cells, enteroendocrine cells (EECs) are found dispersed throughout the digestive
system (Zoppi 2021). They serve crucial functions in regulating gut motility, hun-
ger, and hormone release and can release a range of gut hormones in response to
diet-related stimuli. EECs are typically divided into ten categories based on the
main hormone they generate. These EECs are sensory cells that coordinate signal
changes between the host responses, such as controlling food intake, secreting insu-
lin, and adapting behavior and gut content (Kubrak et al. 2022). In order to develop
new treatments for mental and gastrointestinal diseases like obesity, anxiety, and
depression, future research must concentrate on the interaction between the micro-
biota, hormones, and gut-brain axis.

1.17 Ayurveda and Gut-Brain Axis: Role of Ayurveda
in Gut-Brain Skin Axis

Ayurveda, which integrates individualized science and conventional practices to
achieve general wellness, is a conventional medicinal practice still used today.
Science has gained a deeper understanding of the fundamental principles of
Ayurveda due to the role that microbiota plays in health and disease. We now know
that a wide range of bacteria that live in different parts of our bodies, notably those
in our gut microbiome, affect nearly every aspect of our physiology and health. The
function of the microbiome in health and disease has led science to a clearer com-
prehension of the fundamental concepts of Ayurveda (Beri 2018). Ayurveda and
other traditional health systems have long strongly emphasized diet and digestion.
Numerous studies have connected the prakriti concept in Ayurveda to the human
gut, mouth, and skin microbiota. The presence or high abundance of a small number
of bacterial taxa in the human gut, mouth, and skin microbiomes was revealed by
three prakriti categories, highlighting their special physiological significance. A
plant-based diet is good for the gut microbiota, but there is less data on how certain
botanicals affect the skin microbiome. Given the close relationship between the skin
and gut microbiomes and the known effects of plant-based diets on gut health, we
can infer that plant-based topicals in cosmetics may also serve as a healthy source
of nutrients for the skin microbiome and possibly general health (Daniluk 2022).
Ayurveda and Siddha medicine both use potent natural herbs to treat various dis-
eases. These antiquated medical systems, which date back at least 5000 years and
may have their origins in India, maintain that harmony can only exist when the
Dosha, or individual constitution, is in tune with its surroundings. It is considered
that a person’s individual makeup, or “Dosha,” and their surroundings are related.
Considering the connections between this concept and the host and microbiome
theories is intriguing. Despite its limits, new research on herbal medicine has shown
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how plant botanicals can promote wound healing, reduce inflammation, and increase
keratinocyte proliferation (Budovsky et al. 2015).

1.18 Neutraceuticals and Probiotic

Neutraceuticals provide both nutrition and pharmaceutics. It can be used as a nutri-
tional supplement and medicine for various disorders (Rajat et al. 2012).
Neutraceuticals are prominent in regulating normal physiology, improving the gut
system, delaying aging, preventing severe diseases, and maintaining homeostasis of
the human body system (Nagpal et al. 2018). Neutraceuticals exhibit both dietary
and therapeutic properties. Widely used neutraceutical consists of carotenoids; vita-
min and mineral supplements; herbal products like ginger, turmeric, curcumin,
omega-3-fatty acids; etc. It has a significant role in the modern era. Relevant studies
indicate that neutraceuticals strongly impact various chronic diseases: allergy,
Alzheimer’s disease, cardiovascular diseases, cancer, diabetes, eye disorders, neu-
rodegenerative diseases, obesity, inflammation, and many more (Nasri et al. 2014).
Food in this category has health benefits. It reduces inflammation and lower the
production of unwanted toxic inflammatory products, thereby maintaining homeo-
stasis and promotes well-being of the human body. Changes in the gut flora may be
how dietary supplementation with joint-protective nutraceuticals works.

On the other hand, probiotics are living microorganisms that have several benefi-
cial effects on humans (Yaqoob et al. 2022). It normally resembles the microbial
community living in our body. The main probiotic sources are yogurt, buttermilk,
kombucha, kimchi, cheese, kefir, etc. Major probiotic bacteria are Lactobacillus and
Bifidobacterium; sometimes Saccharomyces boulardii also may be used (Pais et al.
2020). Probiotics have gained recognition over the past 20 years for their role in
boosting immunity and intestinal health and treating metabolic illnesses. The
emerging idea of a gut-heart-brain axis has sparked several developments and
approaches for adding probiotics to food and nutrition. Probiotics have a direct
impact on brain neurotransmitter pathways as well as gut microbiota profiles,
inflammation, and diseases. The idea that probiotics are good for the aging brain has
garnered a lot of traction and emphasis in both study and product development,
because brain health frequently declines with age. Probiotics work on the human
body system in different aspects: to maintain the normal balanced composition of
the gut microbiome, regulate the inflammatory pathway positively, prevent the
accumulation of toxic compounds and diseases, etc. (Hou et al. 2022). The con-
sumption of probiotics improves severe gastrointestinal conditions, oral disorders,
allergic reactions, and cardiovascular, respiratory, and urinary tract infections.
Besides, it boosts immunity and enhances the defense mechanism (Ashaolu 2020).
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1.19 Conclusion

In general, studies on the host-microbiota dynamics brought on by aging can aid in
discovering novel molecular and physiological mechanisms that assist the preserva-
tion of homeostasis. On the other hand, aging is linked to a decline in microbial
diversity, but healthy aging is associated with diverse microbiome. Recent studies
have connected the gut microbiome to a variety of diseases, including Parkinson’s,
autism, schizophrenia, and depression. It is still debatable whether the changes in
the gut microbiota are essential to the pathogenesis of such diseases or are merely
epiphenomenal. The microbiota can then be specifically targeted by potent medi-
cines created using the insights supplied, because it is a novel fundamental player
involved in regulating host aging processes. The precise processes underlying the
connection between the microbiota and aging must be clarified by future research.
Future research should explore how age-related changes in the gut microbiome
might contribute to dysbiosis, inflammation, and ultimately, various age-related dis-
eases. Investigating the key bacterial species, metabolites, and potential of prebiot-
ics, probiotics, or FMT offers promising avenues for promoting gut health and
potentially delaying the onset of age-related conditions. By unravelling the intricate
relationship between the gut and aging, we can pave the way for novel therapeutic
strategies to improve health and quality of life for older adults.
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The Scenario of Emerging Gut
Microbiome Cross Talks in Brain Aging

Swetha Panneerselvam, Selvaraj Jayaraman,
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Abstract

Brain aging is natural aging process that occurs over the lifetime of every indi-
vidual which depends on various factors including genetic, environmental fac-
tors, lifestyle changes, and age which are major risk factors for developing brain
aging. Brain aging has nine characteristic hallmarks which are majorly catego-
rized into three types, namely, primary, antagonistic, and integrative hallmarks.
Some of the neurological conditions that are associated with brain aging are
neurological disorders like Alzheimer’s disease, Parkinson’s disease, amyo-
trophic lateral sclerosis, traumatic brain injury, stroke, epilepsy, and dementia.
Among which neurodegenerative diseases may have a greater impact among the
individuals with a variety of risk factors. Microbiome is composed of variety of
microorganisms that are integral to the host which maintains a healthy relation-
ship between the host gut. There are innumerable gut microbiomes which are
present in the human gut. Those microbes can play a crucial role in the host
metabolic, physiologic, pathologic, and psychologic conditions by maintaining
the homeostatic environment. Certain pathological, psychological, and physio-
logical alterations can defect the homeostasis maintained by the gut microbiota
which results in the development and progression of diseases especially age-
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related neuronal diseases. This cross talk between the causative factors and the
microbiota can be modulated by various therapeutic approaches which show sig-
nificant results which are achieved by mediating the signaling of gut to the brain
or vice versa.

Keywords

Brain aging - Hallmarks - Neurodegenerative disorders - Gut microbiome - GBA

2.1 Introduction

A myriad of microorganisms include bacteria, fungi, parasites, and viruses that
reside in our body. The gastrointestinal tract harbors approximately 95% of the
microbes which are collectively referred as gut microbiota. A variety of microor-
ganisms exist within a complex ecosystem in the human gut (so called “microbiota
superorganism”). Every individual has a unique gut microbiota signature which is
composed of 100—1000 microbial population. In recent decades, both clinical and
scientific research prove that the intestinal microbiota acts as super organism which
is essential for maintaining regular homeostasis. Microbial richness or bacterial
diversity is generally considered as a hallmark of a healthy status. Reduced bacterial
diversity has been correlated with obesity and immune-related and inflammatory
diseases. Additionally, although a balanced microbiome composition is necessary
for many physiological processes, qualitative modifications, particularly at the level
of the core microbiome, might result in the onset of disease. Most research on these
phenomena has focused on inflammatory bowel disorders (IBD), such as Crohn’s
disease and ulcerative colitis. The role of normal gut microbiota includes host nutri-
ent metabolism, maintaining gut mucosal barrier, immunomodulation, and preven-
tion against various antigens. The factors that play a crucial role in the shaping of
gut microbiota are their mode of delivery, diet, and environmental factors involving
commensal community (D’Argenio and Salvatore 2015). The host human and its
gut microbes have an intense relationship. The enteric microbiota gets involved in
host gut physiology and health by influencing gut-brain communication.
Modification or instability of the gut microbiota and changes in its biodiversity may
lead to metabolic and gastrointestinal disorders. The gut-brain communication is
bidirectional. Signals from the brain can influence sensory, motor, and secretory
function of gastrointestinal tract which is achieved either directly by the influence
of release of neuronally signaling molecules or indirectly by effecting changes in
their mobility and permeability. Brain functioning can also be influenced by GI
tract, and this is achieved by multiple mechanisms involving direct stimulation of
receptor-mediated signalling (Aziz et al. 2012). Microbiome and host immune
response interaction is diverse, bidirectional, and complex (Zheng et al. 2020). Gut
microbiome is integral to the host (human) digestion and nutrition and utilizes nutri-
ents from the substrate which are indigestible by the host. Gut microbiome is
majorly involved in the development and functioning of the immune system which
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is demonstrated by numerous research findings. Gut microbiome has an impact over
the functioning of CNS by various methods including metabolites, hormones, and
neuroactive molecules. The degradation of dietary fiber by gut microbiota produces
large amount of short-chain fatty acids (SCFA)—acetate, butyrate, and propionate
in the gut. These short-chain fatty acids reduce the level of inflammatory cytokines,
enhance gut motility, and modulate immune tolerance, gut hormones levels, and
neuropeptides. These molecules also modulate gastrointestinal cells in various con-
ditions. The development and differentiation of variety of immune cells (dendritic
cells, Tregs) are affected by SCFAs. These molecules can also affect the maturation
and functioning of microglial cells. Another microbial metabolite involving gut-
brain axis is the secondary bile acids. Tryptophan is essential amino acid obtained
from the diet source which is metabolized into indoles by gut microbiota or by
kynurenine pathway by the host. Tryptophan metabolites can alter the intestinal
immune cell functioning via aryl hydrocarbon receptor. Other gut-microbiota-
derived molecules have an influence on host immunity and neurological problems.
One of the most notable instances is endotoxin lipopolysaccharide (LPS), a marker
for chronic inflammatory disorders. Translocation of this polysaccharide is medi-
ated by gut permeability, and it also induces strong inflammatory response that
results in the disruption of blood-brain barrier leading to microglia activation
(Benakis et al. 2020).

The gut-brain axis is a complex network which interconnects the brain and gut
microbiome. Microglia, tissue-resident immune cells in the brain which are respon-
sible for modulation of neurogenesis, can influence synaptic remodeling and also
involved in the regulation of neuronal inflammation. Microglial cells maturation
and functioning can be regulated by the gut microbiome which is achieved by cross-
talking between gut microbiome and the brain. Microglial cells play a crucial role
in customizing neural circuitry during postnatal developmental stages which imply
cognitive and social behavior (Abdel-Haq et al. 2018). Thus, in the current book
chapter, the role of microbiome cross-talking involved in brain aging process will be
emphasized.

2.2 BrainAging

Aging is an inevitable part of an organism’s lifetime that is linked to physical degen-
eration and an elevated risk of disease. The body’s inability to overcome the physi-
cal damage due to aging can lead to subsequent loss of physiological functions
including sensory, motor, and cognitive function. Age is also considered as one of
the significant contributors to a number of clinical conditions including cancer, car-
diovascular diseases, and neurodegenerative diseases associated with genetic and
environmental factors. Neurodegeneration is the most common age-related disor-
ders that raises the incidence and suggested the link between neurodegenerative
diseases and brain aging in association with age-related changes including genomic
instability, loss of protein homeostasis, and epigenetic modifications. Even though,
aging is a crucial causative factor for many neurodegenerative diseases, the exact
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mechanism of action of aging involving neurodegeneration remains to be eluci-
dated. Some research findings suggested that brain aging in association with the
raised risk for the development of neurodegenerative diseases can contribute to cog-
nitive impairment at a later stage. Environmental exposure to toxins can also attri-
bute to cognitive impairment in the later stage of the life. It’s interesting to consider
that healthy aging, or aging without the onset of disease, may not be linked to lon-
gevity genes but rather to the lack of AD risk factors. The cohort study of the genetic
sequences on individuals above the age group 80 without the progression of chronic
condition suggested that most of the single-nucleotide polymorphisms are associ-
ated with only cognition. From this study, they concluded that the brain health and
cognition are interlinked and the development of neurodegenerative disorders
among individuals is solely determined by genetic factors. Postmitotic cells, such as
neurons and oligodendrocytes, comprise the majority of brain tissue. These cells are
particularly vulnerable to age-related alterations, especially epigenetic modifica-
tions (DNA damage, methylation). DNA methylation process can be altered by
aging which results in DNA damage that might pave way for the development of
neurodegeneration. Neurodegeneration is also stimulated by mitochondrial damage
and dysfunction in association with brain aging via the production of reactive oxy-
gen species (ROS) and neuroinflammation (Azam et al. 2021).

2.3 Hallmarks of Brain Aging

Hallmarks of brain aging include decline in cognitive performance, decreased brain
volume, increased inflammation, accumulation of deposits, and changes in the brain
chemistry. Over the period of time, there is a decline in brain cognition which is due
to the changes in the structure and functioning of brain. Overall decrease in the
brain volume can lead to cognitive impairment by mediating the reduction of neu-
ron levels and synapses in the brain. Changes in the brain chemistry mainly involve
the decline in the secretion of neurotransmitters which induces cognitive decline as
well as mood disorders. Abnormal deposition of proteins in the brain could interfere
with the normal brain functioning, and it also provides way for the development and
progression of neurodegenerative disorders. Chronic inflammation can stimulate
the progression of various neurodegenerative diseases, and it reduces the overall
cognitive performance. Inflammation can also lead to protein deposition in the
brain. The three basic categories of biological evidence of aging are primary, antag-
onistic, and integrative hallmarks. Genomic instability, epigenetic alterations, loss
of protein homeostasis, and telomere attrition are the primary hallmarks of aging.
Mitochondrial malfunction, improper nutrition sensing, and cellular aging are
examples of antagonistic hallmarks. Integrative hallmarks, which include disrupted
intercellular communication and stem cell depletion and are linked to neurological
conditions including Alzheimer’s and Parkinson’s disease, are the increased damage
of primary and antagonistic hallmarks (Hou et al. 2019) (Fig. 2.1).
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Fig. 2.1 Demonstrates the nine biological hallmarks of brain aging

2.4 Senescence

Senescence refers to the biological process of aging and the associated deterioration
of cells, tissues, and organisms over time. It is a natural process that affects all living
things and is characterized by a decline in physiological function and an increased
susceptibility to disease and death. In cellular biology, senescence refers to a perma-
nent and irreversible arrest of cell division that occurs in response to various stresses,
including DNA damage, oxidative stress, and telomere shortening (McHugh and
Gil 2018). This process is believed to play a role in the development of age-related
diseases, such as cancer and neurodegenerative disorders. Overall, senescence is a
complex biological process that involves multiple molecular pathways and is influ-
enced by a variety of environmental and genetic factors. While it is a natural part of
the aging process, researchers are studying ways to slow down or even reverse
senescence in order to extend healthy life span and reduce the incidence of age-
related diseases (van Deursen 2014).

2,5 Epidemiology of Neurological Diseases

Population aging continues to be a global phenomenon. According to reports from
the UN Ageing Programme and the US Centres for Disease Control and Prevention,
the global population of older people (65+ years) is expected to grow from 420
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million in 2000 to nearly 1 billion by 2030, with the proportion of older people
increasing from 7 to 12%. The absolute number of older people will rise most dra-
matically in developing countries. Consequently, the proportion of the world’s
aging population that comes from developing countries will rise from 59 to 71%.
The overall prevalence of epilepsy is 7.6 in 1000 which may increase over age in
association with social deprivation. Epilepsy has a bimodal distribution in correla-
tion with age that gets into the peak in older-aged peoples as well as in younger age
groups. The increased incidence of seizures and epilepsy in older-aged peoples can
contribute to raise the risk of age-related diseases. An analysis of a national repre-
sentative sample of Americans above the age of 70 revealed that the prevalence of
AD was 9.7%. Dementia prevalence among individuals aged 60 and above has been
estimated to be 3.9% globally, with geographic prevalence of 1.6% in Africa, 4.0%
in China and the Western Pacific, 4.6% in Latin America, 5.4% in Western Europe,
and 6.4% in North America. Over 25 million people worldwide are affected by
approximately 5 million new cases of dementia that are diagnosed each year, the
majority of those who had Alzheimer’s disease. The second most significant cause
of mortality (9 million) and the primary cause of disability globally in 2016 were
neurological disorders (Beghi and Giussani 2018).

The prevalence of Alzheimer’s disease increased steadily with age, from 0.6% in
the 65-69 age group to 22.2% in the 90-and-older age group, according to European
collaborative research of population-based cohorts. In both men and women, the
prevalence of Alzheimer’s disease rises rapidly with age, roughly doubling every
5 years between the ages of 50 and 80, after which the increase can be reduced in
the oldest age groups. The WHO projects that by 2050, the estimate of 44 million
people living with dementia worldwide would have increased to 135 million due to
this extremely significant age-related incidence and prevalence (Dumurgier and
Tzourio 2020).

2.6 Pathophysiology of Brain Aging

Brain aging is a complex process that involves multiple changes at the cellular,
molecular, and structural levels. Overall, the pathophysiology of brain aging is a
complex process that involves multiple factors. While there is no single cause of
brain aging, it is likely that a combination of genetic, environmental, and lifestyle
factors all play a role. Some of the pathophysiology of brain aging involves oxida-
tive stress, inflammation, accumulation of toxic proteins, mitochondrial dysfunc-
tion, decreased blood flow, reduced neoplasticity, and genetic factors. Excessive
production of ROS can lead to the accumulation of damaged molecules that inter-
feres with the functioning of the brain (Kandlur et al. 2020; Floyd and Hensley
2002). Chronic inflammation is a hallmark of brain aging. Inflammation can be
caused by a variety of factors, including infections, chronic diseases, and environ-
mental toxins. Inflammatory cells and cytokines can cause damage to brain cells
and promote the production of toxic proteins (Joseph et al. 2005; Yin et al. 2016;
Garaschuk et al. 2018). The accumulation of toxic proteins, such as beta-amyloid
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and tau, is a characteristic feature of many neurodegenerative diseases, including
Alzheimer’s disease. These proteins can form aggregates that damage neurons and
disrupt normal brain function (Bayer and Wirths 2010; Pickett et al. 2019).
Mitochondria are the powerhouses of cells, and they play a critical role in energy
production. Mitochondrial function declines during older age, leading to a decrease
in energy production and an increase in oxidative stress (Miiller et al. 2010). When
we become older, the blood flow to the brain diminishes which results in the reduced
supply of oxygen and other essential nutrients to the brain cells. This can impair the
functioning of brain and also raises the incidence of cognitive decline (Aanerud
et al. 2012). Neuroplasticity refers to the brain’s ability to adapt to new situations
and experiences. Diminished neuroplasticity can impair learning and memory
(Toricelli et al. 2021). There are several genes that have been implicated in brain
aging, including the APOE gene, which is associated with an increased risk of
Alzheimer’s disease (Mattson et al. 2002).

The pathophysiology of brain aging is explained by a few theories. Programmed
and damage or error theories are the two primary subcategories of contemporary
biology explanations for human aging (Table 2.1).

Table 2.1 Summarizes the list of theories explaining about brain aging

S.
no | Theory Definition References
1 | Programmed Genes that are responsible for controlling of aging and | Davidovic
longevity longevity and their activation and deactivation occur et al. (2010)
during lifetime in association with various factors
including diet, exercise, and environmental factors
2 | Immunological The immune system is designed to deteriorate over Cornelius
theory time, which increases sensitivity to infectious diseases, | (1972)
accelerates aging, and ultimately causes death
3 | Endocrine theory | Endocrine system involves the synthesis of several van Heemst
hormones which act as a key regulator in diverse (2010)
metabolic and physiological processes. And these
hormones can also impart brain aging through various
means (e.g., IGF-1 signaling controls the brain aging
process)
4 | Cross-linking Cross-linked protein accumulation negatively impacts Bjorksten
theory cells and tissues and slows down bodily functions, 1977)
which causes aging
5 | Free radicals’ Harman stated that free radicals can cause the damage | Afanas’ev
theory of cells leading to the accumulation of toxic substances | (2010)
resulting in the abnormal functioning. The primary
process underlying the onset of cellular senescence and
organismal aging is ROS
6 | Somatic DNA It is the cumulative damage of DNAs in the cells which | Maynard
damage theory is mediated by variety of factors that further lead to Smith
dysfunction. The major consequence of this damage is | (1962)
the accumulation of mutations in the DNA that results
in improper functioning
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2.7 Gut Microbiome and Its Functional Aspects

The exposure of microbiome-derived molecules to the gastrointestinal tract is con-
tinuous. Through this, homeostatic state is maintained by immune and epithelial
cells in the gut via protecting host integrity and enhancing tolerogenic responses to
microbes. In healthy conditions, there is a balance between the functioning of regu-
latory T cell (T, and effector T cell (T), whereas in diseased condition, the bal-
ance between modulatory and protective function of T cells is dysregulated. The
molecular underlying principles of host-microbiome interaction are small com-
pounds derived from the gut microbiome. A negligible amount of these chemicals,
including bacterial metabolites, has been found to affect the host’s neurophysiology
through a variety of mechanisms, including blood flow, humoral pathways, the
immune system, and neuronal pathways. The host gut microbiome ecology is also
maintained by initiating intestinal defense mechanism. And this mechanism helps in
the prevention of translocation of commensal bacteria into the tissues. The first line
of this defense mechanism is mainly depending on the secretion of antimicrobial
peptides (AMPs), and these molecules are otherwise referred as defensins which are
secreted mainly by intestinal epithelial cells. The genes which encode for defensin
molecule majorly depend on intestinal tract in response to gut microbiota, and dur-
ing pathogenic condition, these molecules get secreted. The second line of defense
mechanism involves the secretion of IgA molecules that can prevent the bacterial
translocation by mediating the crossing over of epithelial barrier. The immunoglob-
ulin molecule is derived from breast milk and transferred to the foetus at birth to
serve as a defence mechanism until the intestinal defence system develops (Burcelin
2016). Numerous research findings provided evidence for the correlation between
gut microbiome composition and the development of mental disorders like anxiety,
depression, and so on. Morris and his coworkers revealed that the decreased synthe-
sis of SCFA on the GAD patients leads to intestinal barrier dysfunction leading to
brain dysfunction. Preclinical studies demonstrate that dysbiosis (microbiota dys-
regulation) affects anxiety and stress behaviors, indicating that the GBA may con-
tribute to the risk of disease, including anxiety and mood disorders. The GBA axis
refers to the bidirectional communication between the brain and gut bacteria.
Through direct and indirect pathways, such as the limbic system; efferent, afferent,
and sympathetic afferent systems; and immune (chemokines, cytokines), endocrine
(hypothalamic-pituitary-adrenal [HPA] axis), and metabolic pathways, the bidirec-
tional interactions between the gut microbiota and crucial parts of the central ner-
vous system (CNS) and immune systems are maintained. The abovementioned
correlation can conclude the relationship between gut microbiota and behavior
through diverse systems. Some other factors that may have an impact on GBA are
intestinal epithelial barrier, integrity of blood-brain barrier, and neurotransmitters
synthesized by the gut microbiota.
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2.8 Role of Gut Microbiome in CNS-Related Problems

Age-related cognitive decline is integrally dependent on the gut microbiome.
Multiple pathways are affected by the dysbiotic state, a hallmark of the aging micro-
biome on cognition. It may trigger when proinflammatory bacteria are more preva-
lent than populations of immunoregulatory microbes; the release of proinflammatory
cytokines and bacterial toxins interfere with the transmission of the regulatory neu-
ral signal via the vagus nerve and suppress the production and release of microbial
metabolites and hormones. Globally, AD is the most typical factor in cognitive dete-
rioration. It is characterized by the accumulation of Af, and tau proteins result in
neuroinflammation, neuronal loss, and synaptic dysfunction. Pathogenesis of AD is
linked with GBA dysfunction and the rise in intestinal inflammation. Parkinson’s
disease is a progressive disorder that leads to muscle stiffness, tremors, and other
cognitive performances. Other risk factors for PD other than age include environ-
mental toxins, obsessive uptake of caffeine, and smoking. Major pathophysiology
of PD is frontal cortex atrophy and ventricular enlargement (Spires-Jones et al.
2017; Priyadarshi et al. 2001). Various key mechanisms that are involved in the
progression of PD are misfolding and aggregation of a-synuclein, neuroinflamma-
tion, mitochondrial dysfunction, abnormal protein clearance system, impaired
autophagy-lysosome system, and impaired ubiquitin-proteasome system (Moore
et al. 2005).

2.9 Role of Gut Microbiota in Cognitive Decline
and Brain Health

There is increasing attention on the potential impact of the intestinal microbiome on
the susceptibility and weaknesses linked to the aging process. Numerous studies
have demonstrated that the microbial makeup of the gut undergoes changes as indi-
viduals age, challenging the notion of a linear progression. Significantly, these alter-
ations manifest later than initially anticipated, and centenarians, indicative of
longevity, seem to exhibit a distinct microbiome (Biagi et al. 2010; Claesson et al.
2011, 2012). The predominant phyla in younger age groups, namely Bacteroides
and Firmicutes, continue to be prominent as individuals age; however there is ongo-
ing debate regarding potential changes in the ratio of these phyla. A shift is observed
towards an increased prevalence of potentially harmful bacteria (pathobionts) at the
cost of beneficial bacteria (symbionts). This shift is evident in the greater relative
abundance of proteobacteria and a decrease in bifidobacteria species. A decline in
the production of short-chain fatty acids is observed with aging, and the fatty acid
butyrate holds particular significance due to its crucial role in preserving the integ-
rity of the colonic epithelium and managing inflammation. The alterations in micro-
bial composition and metabolism align with the concept of inflammaging, suggesting
that chronic low-grade inflammation serves as a shared foundation for a wide range
of age-related pathologies, including cognitive decline (Franceschi et al. 2000).
Strong correlations were identified between microbiome profiles and indicators of
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frailty and compromised health in elderly individuals residing in long-term care
facilities.

Inflammation is currently recognized as a leading candidate for contributing to
cognitive decline, not only within the realm of typical aging but also in neurological
conditions and sporadic Alzheimer’s disease (Griffin 2013). A recent investigation
led by vom Berg and colleagues demonstrated that the intraperitoneal administra-
tion of a neutralizing p40 antibody resulted in a reduction of amyloid accumulation
in the brains of APPPS1 mice, a murine model of Alzheimer’s disease (Vom Berg
et al. 2012). The authors suggested a pivotal role for activated microglia in driving
neuroinflammation in the APPPS1 model, positing that the activation of brain
microglia might be influenced by the intestinal microbiome, as observed in a murine
model of multiple sclerosis with a comparable neuroinflammatory profile (Berer
et al. 2011). These findings, coupled with the previously discussed connections
between age-related alterations in the intestinal microbiome and low-grade inflam-
mation, underscore the need for meticulously controlled studies investigating the
microbiome in individuals experiencing cognitive decline.

2.10 Gut-Brain Axis

A complex network of reciprocal connections between the gut microbiome and the
central nervous system is referred as gut-brain axis (GBA). The GBA encompasses
several biological systems and is essential for preserving the overall homeostasis of
the body. Using the autonomic nervous system directly or indirectly through metab-
olites and chemical transmitters, signals move from the gut to the CNS and vice
versa. The composition of the gut microbiota can vary and have an impact on each
of these interactions (Morais et al. 2021). Due to its newly emerging function in
mediating health and disease as well as its potential utility as a therapeutic target,
the GBA has recently gained attention. Various aspects of brain growth and func-
tion, including blood-brain barrier (BBB) formation and permeability, neurogene-
sis, and myelination, are influenced by the gut microbiota. GBA disruption could be
involved in the pathogenesis of an array of neurological conditions, such as neuro-
degenerative disorders (Diaz Heijtz et al. 2011). There is ongoing discussion over
the precise mechanisms through which a changed gut microbiome may contribute
to the development of CNS inflammation and degeneration. Clinical and experi-
mental data both support the idea that enteric microbiota plays a significant role in
the development of GBA, engaging with CNS directly through neuroendocrine and
metabolic pathways, in addition to local interactions with intestinal cells and
ENS. Dysbiosis can also arise in gastrointestinal conditions known as functional
gastrointestinal disorders (FGID), which are closely related to mood disorders and
also have an alteration in the GBA (Berrill et al. 2013). There is evidence that both
gut-brain and brain-gut dysfunctions exist, with the former that dominates in dis-
eases like irritable bowel syndrome (IBS). The alteration in the GBA will determine
the changes in the motility and secretion of intestinal microbes that promotes vis-
ceral hypersensitivity, and it also leads to the modification of endocrine and immune
system (Koloski et al. 2012).
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Fig. 2.2 Explains about the mechanisms involved in bidirectional communicational network
between gut microbiome and brain

The principal mechanisms underlying the bidirectional network of brain-gut-
microbiota axis mainly focus on the forward proceeding either from the gut to the
brain or vice versa. The mechanism involving the signal from the gut to the brain
includes production, expression, and turnover of neurotransmitters (such as sero-
tonin, dopamine), modulation of enteric sensory afferents, enteric immune regula-
tion, gut hormone secretion, protection of intestinal barrier and tight junction
integrity, and bacterial metabolites (proteasome and metabolome effects). Brain to
gut pathway involves alteration of intestinal permeability, regulation of intestinal
motility, alteration of immune function, alteration of mucous and biofilm produc-
tion, and enteric neuroendocrine modulation (Fig. 2.2).

The human gut microbiome profile has a strong correlation between the micro-
structure of the brain, brain FC, intrinsic neuronal activities, mood, and cognitive
performances. A well-designed longitudinal study is required for proving the evalu-
ations such as structure and metabolomics of gut microbial community in conjuga-
tion with neuroimaging results and behavioral testing data. To further understand
the manner the gut and the brain interact, additional research is needed on inflam-
mation, immunological activation, neurotransmitters, neuromodulators, microbial
metabolomics, intestinal permeability, motility, and visceral sensitivity.

2.11 Therapeutic Approaches

Based on the recent findings revealing the potential of the microbial interventions in
the regulation of intestinal dysbiosis-driven neurological disorders, fecal microbiota
transplantation (FMT) appears to be a promising therapeutic strategy. By means of
FMT, the thriving microbiota undergoes reproduction to renew itself and generates
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bioactive metabolites. This approach is advantageous due to the absence of reported
significant side effects, making it deemed safe, even in high-risk patients (Haikal
et al. 2019; Wimo et al. 2017). Some research findings suggest that this treatment
method is efficient in impairing memory, promoting neurogenesis, and increasing
levels of secretory proinflammatory cytokines and A protein. It also reduces the
level of chronic inflammation and cognitive impairment in AD conditions. It is also
efficiently used for treating PD cases (Ghezzi et al. 2022). In a study involving
mouse models of Alzheimer’s disease (AD), it was observed that cognitive dysfunc-
tion was associated with alterations in the composition of gut microbiota.
Consequently, the modification of this microbiota via FMT was found to be effec-
tive in mitigating cognitive dysfunction in AD (Reitz 2012).

Differences in both the composition and functionality of the gut microbiota have
been observed in both healthy individuals and patients with various neurological
disorders. It is recognized that diet plays a role in influencing the composition of the
microbiome, consequently impacting the function of the gut-brain axis (GBA).
Various therapeutic interventions, such as the utilization of probiotics, have been
implemented to address dysbiosis in the gut microbiome. These interventions aim
to restore a balance in intestinal microflora, ultimately leading to improved clinical
outcomes in neurological disorders (Kerry et al. 2018). Numerous diets have been
suggested as helpful in preventing or ameliorating neurodegenerative illnesses
because they can affect inflammation within the CNS via the GBA (Wilson et al.
2020). For instance, the Mediterranean diet, which relies mostly on olive oil as its
major source of fat, is a well-known healthy diet that is rich in vegetables, whole
grains, and is low in dairy. Practice of a Mediterranean diet, according to new
research, supports individuals with Parkinson’s disease with their motor and cogni-
tive symptoms (Fontana et al. 2021). A diet high in fat and low in carbohydrates
known as a “ketogenic diet” is used to treat epilepsy (Ulamek-Koziot et al. 2019).
Probiotics are nonviable food components that promote the host’s health and are
linked to microbiome regulation (Varesi et al. 2022). Predominantly, probiotics con-
sist of Bifidobacterium and bacteria that produce lactic acid, such as Lactobacillus.
Increasing evidence indicates that metabolites produced by probiotics play a crucial
role as mediators in host-microbe interactions induced by diet. Additionally, various
bacterial species residing in the gut, such as Bacteroides, Clostridium,
Bifidobacterium, Peptostreptococcus, Lactobacillus, and Ruminococcus, have been
reported to generate numerous tryptophan catabolites, including indole,
3-methylindole, indoleacetic acid (IAA), and tryptamine (Kumar and Sperandio
2019; Russell et al. 2013; Wikoff et al. 2009). Probiotics have been demonstrated in
both human and animal models to be beneficial in maintaining intestinal homeosta-
sis by stabilizing the epithelial barrier, increasing SCFA production, modifying the
mucosal immune system towards a more immunoregulatory response, and decreas-
ing the generation of proinflammatory cytokines. It is used for treating AD, PD, and
ALS in animal models, providing data that enhances the positive aspect of this treat-
ment approach (Di Gioia et al. 2020). Numerous studies employing mouse models
have shown that administering probiotics can be advantageous in various neurologi-
cal disorders, leading to enhancements in cognitive outcomes. In a recent
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investigation, it was demonstrated that prolonged use of probiotics, comprising six
bacterial strains, mitigated motor impairments and exhibited neuroprotective effects
on dopaminergic neurons in a genetic mouse model of Parkinson’s disease (PD)
(Hsieh et al. 2020). Collectively, these discoveries prompted researchers to explore
the application of probiotics in diverse neurological dysfunctions.

As per the International Scientific Association for Probiotics and Prebiotics
(ISAPP), a prebiotic is defined as nonviable food components that are selectively
utilized by host-microbial populations, providing health benefits. Instead of relying
on probiotic supplements, prebiotics offer an alternative approach to modulating gut
microbial flora. These compounds, recognized for their impact on gastrointestinal
health, include nondigestible oligosaccharides (NDOs), human milk oligosaccha-
rides (HMOs), and soluble, fermentable fibers (Hill et al. 2014). A recent study
demonstrated that the prebiotic lactulose can enhance cognitive function in mouse
models of Alzheimer’s disease by influencing autophagy and anti-inflammatory
pathways (Lee et al. 2021). As a result, these findings suggest that both probiotics
and prebiotics could serve as effective treatments for neurological disorders.
Nevertheless, further research is essential to gain a detailed understanding of the
underlying mechanisms, as a mere correlation does not necessarily imply causation.

Synbiotics refer to a combination of prebiotics and probiotics, wherein the pre-
biotics support the growth and metabolism of probiotic microorganisms, enhancing
their viability and benefits. This combination positively influences the host by
increasing the abundance of beneficial microbes in the gastrointestinal tract (GIT).
It is crucial to select an appropriate combination in synbiotics to ensure the survival
of probiotic microorganisms in the GIT (Barathikannan et al. 2019; Lorente-Pic6n
and Laguna 2021). Research has indicated that the utilization of synbiotics is more
efficacious compared to the isolated use of probiotics or prebiotics alone.

In recent years, the terms “postbiotics” and “paraprobiotics” have been intro-
duced to emphasize that probiotics are not the sole viable compounds capable of
positively influencing human health (Sanchez et al. 2017). Postbiotics, alternatively
referred to as metabiotics, biogenics, or cell-free supernatants (CFSs), encompass
bacterial fermentation metabolites and soluble factors derived from live bacteria or
released following bacterial cell lysis (Aguilar-Toald et al. 2018). Paraprobiotics are
characterized as microbial cells that are nonviable or inactivated, with some
researchers categorizing them as a subset of postbiotics. These structural compo-
nents have the potential to initiate biological activity in hosts (Cuevas-Gonzalez
et al. 2020).

2.12 Conclusion

Gut microbiome is complex network which develops during the time of birth, and it
grows gradually. Gut microbiome gets involved in the variety of physiological, bio-
logical, pathological, and behavioral processes. It acts as positive feedback which
helps in the maintenance of various host mechanisms. This homeostasis might be
altered by a number of cross talking which occurs between the host gut microbiome
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with several internal and external factors that lead to the development of different
pathogenic conditions. Some of the pathogenic conditions can be reversed by main-
taining a healthy gut environment through dietary interventions that promote prebi-
otics, specific probiotic strains, and potentially FMT offers promising avenues for
mitigating the effects of brain aging and neurodegenerative diseases. Brain aging is
an inevitable event that occurs during the lifetime of an individual which is a natural
and irreversible process. But in case of gut microbiome, cross talk with brain can
lead to a variety of neuronal problems including neurodegenerative diseases, epi-
lepsy, stroke, traumatic brain injury, and so on. Among these, neurodegenerative
diseases had a wider impact among the people all over the world. Development and
progression of neurodegenerative diseases are mainly achieved by brain-gut-
microbiota axis. Most of the treatment approaches for GBA-mediated neurodegen-
erative diseases can be modulated by maintaining a health gut environment. Future
research should focus on identifying key gut microbes and metabolites associated
with brain health, developing personalized interventions based on individual gut
profiles, and exploring the potential of combining gut modulation strategies with
other therapies to improve brain health and overall well-being throughout life.
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Abstract

The presence of resident microbial species in the human gastrointestinal tract has
been known for a long time. However, only recently have they been recognized
as tremendous regulators of overall host pathophysiology. Interestingly, the cen-
tral nervous system (CNS) features as a key target of the gut microflora. Recent
studies indicate that the bidirectional interactions of the microbiota-gut-brain
axis play critical roles in influencing a plethora of neuroendocrine and neuroin-
flammatory mediators, with huge implications for neurotransmitter physiology
at the levels of enteric, autonomous, and central nervous systems. This chapter
deals with the discussion of the pathophysiological roles of the resident micro-
flora in the developing and adult brains, focusing on the two relevant aspects of
blood-brain barrier development and adult hippocampal neurogenesis. Further,
dysbiosis of the gut microbiome as a pathogenic factor for the development of
CNS disorders (e.g., multiple sclerosis, Alzheimer’s and Parkinson’s diseases,
amyotrophic lateral sclerosis, and stroke) is detailed. We also discuss the possi-
bilities of harnessing the alterations in the gut microbial species for diagnostic,
prognostic, and therapeutic purposes for these diseases. Lastly, the implications
of the microbiota-gut-brain axis for promoting longevity and healthy ageing are
illustrated.

A. Vijay - A. Balakrishnan (>)
Department of Genetics, Dr ALM PG Institute of Basic Medical Sciences, University of
Madras, Chennai, India

F. Ahmad - S. Ravi
School of Bioscience and Technology, Vellore Institute of Technology, Vellore, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 43
S. Pathak, A. Banerjee (eds.), Gut Microbiome and Brain Ageing,
https://doi.org/10.1007/978-981-99-8803-7_3

3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-8803-7_3&domain=pdf
https://doi.org/10.1007/978-981-99-8803-7_3

44 A.Vijay et al.

Keywords

Gut microbiota - Blood-brain barrier - Adult neurogenesis - Neuroendocrine -
Neurodegeneration - Neuroinflammation - CNS disorders - Longevity

3.1 Gut Microbiome

In the human digestive system, there exists a complex ecology of microbes known
as the gut microbiome. It comprises the collective genomes of microbiota inhabiting
humans, including protozoa, archaea, eukaryotes, viruses, and bacteria (Sender
et al. 2016). The gut microbiota is now considered an important partner of human
cells, interacting with virtually all human cells (Mukherjee et al. 2023).

Even though studies of gut microbes have been ongoing for several years, recent
years have seen a significant increase in interest outside the realm of infectious dis-
orders. Human health and disease, including digestion, metabolism, immune
responses, and brain functions, are strongly influenced by the gut microbiota. The
interplay between the gut microbiota, host variables, and environmental factors has
the potential to completely change how diseases are caused and how they are treated
in medicine. Prevotella, Ruminococcus, Bacteroides, and Firmicutes are only a few
of the numerous major bacterial families that have been discovered in human guts
(O’Toole and Jeffery 2015). The anaerobic bacteria Bifidobacterium, Lactobacillus,
Peptostreptococcus, and Clostridium are all found in the colon’s low-oxygen envi-
ronment. The health of the gut is thought to be significantly influenced by these
microorganisms (Lozupone et al. 2012).

The equilibrium of the gut microbiome can be disturbed by several factors,
including nutrition, antibiotic use, age, exposure to chemicals in the environment,
medicine, physical activity, and chronic illnesses (Hasan and Yang 2019). Taking
antibiotics can harm the gut microbiota in many ways, including reducing species
diversity, altering metabolic activity, and making the body more vulnerable to inva-
sion by pathogenic bacteria (Round and Mazmanian 2009). It has also been demon-
strated that exposure to environmental chemicals alters the gut flora. A person’s
lifestyle choices, including their food, level of activity, and the use of antibiotics,
can contribute to dysbiosis (Carding et al. 2015).

Two significant research initiatives to characterize the human microbiome are
the Human Microbiome Project (HMP) and MetaHIT. These meta-omics projects
have used a range of analyses, including whole-genome shotgun (WGS) metage-
nomic sequencing of host-associated microbial communities to identify functional
genes, 16S ribosomal RNA (rRNA) sequencing to taxonomically characterize the
microbiota communities, and meta-transcriptomics to identify active genes and
pathways (Proctor 2011).
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Fig. 3.1 Gut-brain axis communication comprises both direct and indirect signaling including
autonomic and enteric nervous systems, neuroimmune pathways, neuroendocrine signaling, neu-
rotransmitters, and metabolites

3.2  Microbiota-Gut-Brain Axis

The gut-brain axis is a crucial network of connections involving several biological
systems that enable two-way communication between the gut and the brain which
controls intestinal homeostasis and the central nervous system. The resident micro-
biome is a crucial factor in modulating these gut-brain signaling cascades which has
led to the establishment of the theory of a microbiota-gut-brain axis. The communi-
cation between the gut and the central nervous system (CNS) comprises both direct
and indirect signaling including autonomic and enteric nervous system (ENS), neu-
roimmune pathways, neuroendocrine signaling, neurotransmitters, and metabolites
as shown in Fig. 3.1.

3.2.1 Enteric Nervous System (ENS)

The walls of the gastrointestinal tract consist of a sophisticated network of neurons
and glial cells known as the enteric nervous system (ENS). It is frequently referred
to as the “second brain” because of its capacity to control different digestive pro-
cesses while operating independently of the central nervous system (CNS). The
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ENS regulates the gastrointestinal tract’s movement, the release of digesting
enzymes, and nutrient absorption (Furness 2012). These intrinsic and afferent neu-
ral pathways give the gut microbiota and its metabolites the chance to affect not just
the CNS but also gut function. Although the ENS develops largely during embryo-
genesis, progenitor cell proliferation, mature cell differentiation, and the construc-
tion of functional neural circuits are among the crucial processes that continue into
the postnatal period (Goldstein et al. 2013), contemporaneous with the development
of the gut microbiota. Thus, the microbiota may have an impact on the ENS during
crucial stages of neurodevelopment (Hyland and Cryan 2016; Kabouridis and
Pachnis 2015). Antibiotics-induced alteration of the gut microbiota results in func-
tional, ultrastructural (neuronal and glial), and neurochemical changes that can mas-
sively influence the ENS (Caputi et al. 2017). In addition to revealing ENS activity
and function, gut microbiota also shows ENS-related gut dysfunction brought on by
early-life stress. The gut microbiota and the ENS may interact reciprocally, with the
ENS appearing to be able to exercise control of the microbiota, according to recent
evidence (Rolig et al. 2017). ASD, Alzheimer’s disease (AD), Parkinson’s disease
(PD), and other major CNS disorders have all been associated with ENS (Rao and
Gershon 2016) as well as other serious GI problems including Hirschsprung disease
and neuropathic chronic intestinal pseudo-obstruction, etc. (Gariepy 2001).

The myenteric plexus (Auerbach’s plexus) and the submucosal plexus (Meissner’s
plexus) are the two primary plexuses that make up the ENS. The myenteric plexus
controls gastrointestinal motility and is situated between the longitudinal and circu-
lar muscle layers of the gastrointestinal tract. The submucosal plexus is found in the
submucosa and controls secretion and absorption (Gershon 1999).

The sympathetic and parasympathetic nervous systems, as well as the vagus
nerve, are some of the channels via which the ENS and CNS communicate.
Acetylcholine, serotonin, and substance P are only a few of the neurotransmitters
and neuropeptides found in the ENS, all of which are crucial for controlling gastro-
intestinal function (Schemann and Camilleri 2013).

Recent years have seen a significant increase in research focusing on the patho-
physiology of the ENS, and there is mounting proof that ENS dysfunction may play
a role in several gastrointestinal disorders, including gastroparesis, irritable bowel
syndrome, and inflammatory bowel disease. To create new treatments for digestive
diseases and gain a better knowledge of the complex relationships between the ENS
and other bodily systems, more study is required (Mawe and Hoffman 2013).

The microbiome-gut-brain axis allows for bidirectional communication between
the gut microbiome and the ENS (Bienenstock 2012; Gershon and Margolis 2021).
The ENS, which controls vital gut processes like motility, nutrition intake, and
immune response, is the intestine’s intrinsic neural system (Ganz and Ratcliffe
2023). Alterations in the composition of the gut microbiome can promote a condi-
tion known as dysbiosis, where the balance between useful and pathogenic bacteria
is altered, typically encouraging the latter. The gut microbiota can regulate enteric
neurons and glia, altering gut physiology. Numerous neurodevelopmental and neu-
rodegenerative diseases have been associated with dysbiosis (Ojeda et al. 2021).
Through endocrine, neurological, and immunological mechanisms, the gut
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microbiome influences mental function and behaviour. Behaviour changes have
been linked to changes in the gut microbiome makeup (Shaik et al. 2020).

The enteric nerve system in the bowel interacts with the gut microbiota to affect
intestinal motility and secretion. Early organogenesis sets the stage for the ENS’s
development, which continues once feeding starts and maintains plasticity until
adulthood. The interaction between the intestinal microbiota and the ENS through-
out key developmental and disease-pathogenesis stages is being increasingly under-
stood (Ganz and Ratcliffe 2023). In conclusion, the gut microbiota can influence the
ENS by controlling enteric neurons and glia, encouraging dysbiosis, encouraging it,
impacting behaviour, interfering with intestinal motility and secretion, and interfer-
ing with proper growth.

The autonomic nervous system (ANS) controls involuntary bodily functions,
such as heartbeat, breathing, and digestion. The ANS, along with the HPA axis, is
an intricate network that unconsciously establishes and controls host physiological
homeostasis (Jianig 2006). The direct and fastest neuronal connection between the
gut and the brain is the tenth cranial nerve called the vagus nerve, which collects
information from different visceral organs (Berthoud and Neuhuber 2000). Vagal
afferents are assumed to be polymodal because of the wide range of receptors that
are expressed on them, meaning that they can respond to a wide range of chemical/
mechanical, or hormonal responses (Berthoud et al. 2004). Studies with vagotomies
have unequivocally shown how crucial constant bidirectional vagal signaling is for
healthy brain function, including host behaviour. Indeed, reports are suggesting that
vagus nerve ablation by gastrectomy causes an increase in the occurrence of psychi-
atric illnesses in humans (Browning and Houseworth 1953; Whitlock 1961).
Furthermore, vagotomy induces neurogenic bowel dysfunction, shows symptoms
related to psychiatric disease including anxiety-like, fear-related behaviour, senso-
rimotor gating, learning difficulties, etc. (Klarer et al. 2014, 2017, 2018).
Alternatively, vagus nerve stimulation (VNS) also supports its function in mood
regulation. VNS has been shown to improve depressive-like behaviours in chronic
restraint stress animals by increasing hippocampal BDNF expression and also regu-
late the release of norepinephrine, 5-HT, and dopamine in anxiety- and depression-
associated regions of the brain (Grimonprez et al. 2015; Breit et al. 2018). In
addition to the treatment of resistant depression, VNS is being investigated for treat-
ing chronic pain, Crohn’s disease, and some epilepsies (Breit et al. 2018; Krahl
2012; Penry and Dean 1990; Chakravarthy et al. 2015; Ren et al. 1989; Bonaz
et al. 2016).

3.2.2 Neuroendocrine Pathway

The main nonneuronal route of interaction in the microbiota-gut-brain axis is
through neuroendocrine systems called the hypothalamic-pituitary-adrenal (HPA)
axis. The main purpose of HPA axis activation in response to stress is to prepare the
body for the “fight or flight” reaction (Mayer 2000). The hypothalamic paraven-
tricular nucleus (PVN) releases the corticotrophin-releasing factor (CRF) when
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homeostasis is disrupted during stress, which in turn causes the anterior pituitary to
release the adrenocorticotrophic hormone (ACTH). Systemic circulation of ACTH
targets the adrenal cortex to release glucocorticoids which interact with lower-
affinity glucocorticoid receptors as well as high-affinity mineralocorticoid receptors
in the brain (Herman et al. 2016; Smith and Vale 2006; Tsigos and Chrousos 2002).
The microbiota affects how the HPA axis functions; studies show that male GF mice
exhibit a hyperresponsive HPA axis in response to restraint stress. GF mice have
also been found to have altered hippocampus 5-HT1A receptor and NMDA RNA
expression which in turn controls CRF release from the hypothalamus. Conversely,
the microbiome of stressed animals shows significant modifications with altered
HPA axis. There is enough evidence showing irritable bowel syndrome is associated
with increased ACTH and cortisol responses to CRF infusion (Dinan et al. 2006)
and is linked with microbiota dysbiosis (Eisenstein 2016; Grenham et al. 2011).
Apart from the neuroendocrine-HPA axis systems, it also interacts with neuronal
pathways via interplay with the vagus nerve and may also influence the neuroimmune-
HPA axis.

3.2.3 Neuroimmune Pathway

The major role of the epithelium in the GI tract is to create a physical barrier between
the immunological cells in the body and the billions of microbiota by creating a
robust luminal-mucosal interface. The primary site of host-microbe interactions
takes place at this luminal-mucosal interface, by allowing constant communication
via direct physical contact or by the chemicals secreted by them (Fasano and Shea-
Donohue 2005). The host immune cells recognize many different types of bacteria
by recognizing pathogen-associated molecular patterns once activated; they are
capable of attracting inflammatory mediators, cytokine synthesis, and the recruit-
ment of acute inflammatory cells through chemokines (Takeda and Akira 2004).
There is plenty of evidence to suggest that the gut microbiota releases cytokines,
chemokines, endocrine messengers, neurotransmitters, neuropeptides, and micro-
bial by-products that enter circulation in the blood and lymphatic systems and may
regulate the brain and behaviour. It is well-established how a microbial population
of the gut can influence both innate and adaptive immune responses at mucosal
surfaces by activating particular immune cell populations, influencing their migra-
tion, and influencing how they function (Cassel et al. 2008; El Aidy et al. 2015;
Kamada et al. 2013; Mazmanian et al. 2005; Powell et al. 2017).

The interactions between the microbiota and microglia, which account for
5-12% of all brain cells, basically drive the microbiota-immune-brain. Microglia
are the innate immune cells capable of detecting minute alterations in their environ-
ment (Bilbo and Schwarz 2012; Delpech et al. 2015; Hickman et al. 2013; Kim and
de Vellis 2005; Nimmerjahn et al. 2005; Tremblay et al. 2011) and mount neuroin-
flammatory responses by producing a variety of cytokines and chemokines
(Kettenmann et al. 2011; Ransohoff and El Khoury 2016; Yamasaki et al. 2014).
These chemical messengers in turn recruit other immune cells, to repair affected
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tissue and restore homeostasis. Microglia have an important role in neuronal growth,
remodelling, signalling, and plasticity in addition to their immunological function
(Schafer and Stevens 2015). A recent study showed that a diverse GI microbiota is
essential for the maintenance and development of healthy microglia (Erny
et al. 2015).

3.2.4 Neurotransmitters and Metabolites

Metabolites produced by the microbiota in the gut are thought to be critical for the
modulation of both CNS and ENS function including GI motility, mood, and behav-
iour. By modifying serotoninergic, dopaminergic, glutamatergic, noradrenergic,
and GABAergic neurotransmission, the gut bacteria can have an impact on brain
function. These neuroactive compounds can be produced by microbiota, and they
can also stimulate the synthesis and metabolism of neurotransmitters. The common
neurochemical language between host and microbe is one of the core aspects of the
idea of microbial endocrinology.

Enteric neurons can synthesize dopamine and norepinephrine but cannot convert
norepinephrine into epinephrine (Costa 2000). Research has shown that the micro-
biota produce an enzyme glucuronidase which is essential for the host to transform
physiologically inactive to active forms of norepinephrine and dopamine (Asano
et al. 2012). Bacillus are known to produce norepinephrine and dopamine
(Tsavkelova et al. 2000). Escherichia, a common gut microbiome, is known to pro-
duce catecholamines, such as norepinephrine (Shishov et al. 2009). Escherichia
spp. (Richard and Foster 2003) and Lactobacillus spp. (Siragusa et al. 2007) have
been demonstrated to synthesize GABA, the main inhibitory neurotransmitter of the
host nervous system. Also, there is evidence that the amino acid glutamate can be
converted by both the host and bacterium into GABA (Smith et al. 1992; Strandwitz
et al. 2018). The ability of glutamate decarboxylase, the enzyme that transforms
glutamic acid into GABA, exists in the faecal microbiome (Pokusaeva et al. 2017).
Host synthesis of GABA can affect the microbiota population which can sense
extracellular GABA with their receptors (Guthrie and Nicholson-Guthrie 1989).

3.3  Gut Microbiome and the Brain in the Early Life

3.3.1 Gut Microbiome and Development of the Blood-Brain
Barrier (BBB)

The blood-brain barrier (BBB) is a crucial mechanism of CNS protection and
homeostasis conferred by the tight junctions of the brain microvascular endothelial
cells (BMVECs). Unsurprisingly, an immature BBB is the primary reason for ele-
vated susceptibility of the developing brain to exogenous/systemic toxicants and
consequent immune dysfunction. The implications of the resident gut microflora for
the development of BBB have been a focus of several research endeavours in recent
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years. Using mice raised in germ-free conditions, Braniste et al. provided one of the
first lines of evidence for gut microbiome-BBB interaction during development.
They reported the presence of dysfunctional BBB with increased permeability in
neonatal and adult germ-free mice which they attributed to reduced levels of occlu-
din and claudin-5, protein components of BMVEC tight junctions. Moreover, these
deficits were attenuated by colonization of pathogen-free butyrate-secreting bacte-
ria such as Clostridium tyrobutyricum (Braniste et al. 2014).

Dysbiosis of gut microbiota and disintegrity of BBB is thought to be one of the
critical primary mechanisms linking antibiotic exposure and the risk of developing
psychiatric and behavioural disorders, like schizophrenia (Kelly et al. 2021) and
autism (Eshraghi et al. 2020). Thus, low-dose penicillin treatment during late gesta-
tional and early postnatal periods in mice results in permanent deleterious effects on
gut microflora composition which translates into sustained immune dysfunction,
BBB deficits, and behavioural (anxiety and aggression) and social (preference for
social novelty) alterations. Interestingly, colonization with Lactobacillus rhamno-
sus JB-1 may ameliorate these penicillin-induced effects (Leclercq et al. 2017). The
molecular mechanisms linking the gut-brain axis and BBB development have how-
ever not been discerned completely. It can be speculated that in addition to immune
dysregulation, the deregulation of neurotrophin (Bercik et al. 2011) and endocrine
(Cani and Knauf 2016) signaling may play critical roles in this respect.

3.4 Gut Microbiome and the Brain in the Adult Life
3.4.1 Gut Microbiome and Adult Neurogenesis

Adult hippocampal neurogenesis is thought to be a crucial pathway of neuroprotec-
tion against deficits in cognition, learning, and memory as well as responses to
stressful events, chemicals, and insults. Using bromodeoxyuridine (BrdU) staining,
Ogbonnaya and coworkers reported amplified hippocampal neurogenesis in adult
mice raised under germ-free conditions as opposed to normally raised controls.
Interestingly, the induction of colonization of microbiota in the gut of germ-free
mice after weaning did not alter the pattern of adult neurogenesis, indicating that
only early-life changes in the gut microbiota during a certain critical period may
impact hippocampal neurogenic pathways (Yamada 1989). Antibiotics are known to
reduce the potential of adult neurogenesis and survival of new neurons. Interestingly,
probiotic treatment consisting of bacterial species from the Lactobacillus and
Bifidobacterium genera can attenuate these antibiotic-induced deficits in mice,
probably by enhancing the numbers of Ly6C(hi) monocytes (Mohle et al. 2016).
Early-life inflammatory bowel diseases result in irreversible dysbiosis of the micro-
flora population and may result in severe neurogenic and behavioural deficits and
elevated neuroinflammation into adulthood (Salvo et al. 2020).

Interestingly, faecal microbiota transplantation can confer depressive behaviour
from mice subjected to unpredictable chronic mild stress (UCMS) to naive recipient
mice. Further, this is accompanied by a transfer of reduced potential for
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neurogenesis and repressed proliferation of the hippocampal neural stem cells. The
underlying mechanisms of such faecal microbiota transplantation-mediated transfer
of depressive symptoms and deficits in adult neurogenesis possibly rely on gut
microbiota-driven alterations in fatty acid metabolism and endocannabinoid signal-
ling (Chevalier et al. 2020). Alterations in tryptophan metabolism and serotonergic
signalling may constitute another pathway of microflora-driven transfer of decreased
neurogenic potential (Siopi et al. 2020). Together, the studies indicate robust partici-
pation of the resident gut microbial species in influencing adult neurogenesis (and
consequently psychological state) in the host via multiple mechanisms. More
recently, Wei et al. have also implicated bacterial species expressing tryptophanase
(and producing indole), such as Escherichia coli in adult hippocampal neurogene-
sis. The neurogenic and synaptogenic effects of Escherichia coli colonization were
proposed to be dependent on aryl hydrocarbon receptor (AhR) and further reported
the involvement of B-catenin, neurogenin 2, and vascular endothelial growth factor
o (Wei et al. 2021). Bacterial-derived SCFAs such as butyrate have been evidenced
to endorse adult neurogenesis in young murine models transplanted with faecal
microbiota from older mice, possibly via signalling through the fibroblast growth
factor 21 (FGF21) which is known to elicit pro longevity functions (Kundu et al.
2019). These results are supported by the findings of robust stimulation of prolifera-
tion, differentiation, and maturation of human neural progenitor cells mediated by
SCFAs (Yang et al. 2020).

In arecently published study, transplantation of faecal microbiota from a SXFAD
mouse model of Alzheimer’s disease (AD; Sect. 3.5.2.1) into naive recipient mice
resulted in significantly reduced levels of hippocampal neurogenesis, among other
deficits including enhanced neuroinflammation and memory impairments (Kim
et al. 2021). Finally, the dependence of diet on adult neurogenesis and cognitive
functions may also rely on the resident microflora. Thus, the ketogenic diet results
in aggravated cognitive impairment induced by hypoxia via alterations in the micro-
bial composition. Further, transplantation of Bilophila wadsworthia may lead to a
deficient neurogenic potential and cognitive impairment under normal dietary con-
ditions, possibly due to activation of interferon-gamma (INF-y)-secreting Th1 cells
(Olson et al. 2021). In conclusion, there seems to be a robust interaction of the gut-
brain axis and cognitive and behavioural functions via the mediation of the machin-
ery for adult hippocampal neurogenesis.

3.5 Gut Microbiota and Central Nervous System
(CNS) Disorders

Gut microbiota along with the host regulate the pathophysiology of signalling
through the metabolic, immune, and nervous systems through dynamic interactions
in a bidirectional manner. Normal functioning of the brain and emotional behaviour
depend on a healthy resident microbiota, and in turn the integrity and homeostasis
of gut physiology are controlled by the CNS. The tremendous implications of the
resident gut microbial species in the CNS pathophysiology are well studied
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specifically in neuroinflammatory disorders like multiple sclerosis (MS), neurode-
generative disorders including Alzheimer’s dementia (AD), Parkinson’s disease
(PD), amyotrophic lateral sclerosis (ALS), and stroke.

3.5.1 Microbiome in Inflammatory Disease

Microbiota influences neuroinflammation through the “microbiota-gut-brain axis”
by both regulating cellular responses by immune cells and via humoral modes
through cytokine releases. It plays a critical role in immune surveillance and main-
tains homeostasis through effectors T cells and mature APCs. In the CNS, glial
cells, specifically microglia, are the primary immune effectors and cytokine produc-
ers. They can establish homeostasis supports neuronal health and can produce vari-
ous patterns of cytokine and/or phagocytosis in different pathological conditions.

3.5.1.1 Multiple Sclerosis (MS)

Animal and human studies indicate that dysbiosis of the resident microbial popula-
tion is crucially involved in the pathogenesis of multiple sclerosis (MS). In this
regard, the experimental autoimmune encephalomyelitis (EAE) has proved instru-
mental in deducing the impact of gut microbiome dyshomeostasis in immune func-
tions, particularly in autoimmune degenerative diseases such as MS. The resident
microbial population in the gut elicits massive modulation of the balances between
pro- and anti-inflammatory signalling. It is regarded as a prominent environmental
factor for autoimmune demyelinating diseases, including MS (Ochoa-Reparaz et al.
2018). This is hardly surprising given that MS is principally an immune dysfunc-
tion. Moreover, studies have indicated significant differences between the subjects
with MS (especially relapsing-remitting MS) when compared to controls, with an
increased presence of the microbial species of the Pseudomonas, Haemophilus,
Mycoplana, Dorea, and Blautia genera in the MS patients, while Parabacteroides,
Prevotella, and Adlercreutzia species were abundant (Chen et al. 2016). The pheno-
type of immune T and B cells are shifted to pro-inflammatory phenotype in MS, a
phenomenon which is regulated by the gut microbiota via secretion of its bioactive
metabolites. In particular, the lymphoid B-cell populations are known to be suscep-
tible to microbiome alterations in MS (Longbrake and Cross 2016). The major func-
tions of B cells, viz., antigen presentation and proinflammatory cytokine secretion,
are aberrantly activated in MS (Ireland et al. 2016). Immune activation of IL-10-
secreting CD4+ T cells (Th17 cells) may also represent a notable pathway linking
gut microbiome and pathogenesis of MS (Cekanaviciute et al. 2017; Lee et al.
2011). Clostridium species, for example, may promote T17 cell activation and are
significantly increased in relapsing-remitting MS (RRMS) patients (Miyake et al.
2015). Bacteroides fragilis-derived polysaccharide A (PSA) may represent a thera-
peutic agent against EAE because of its ability to regulate the immune responses of
CD39+-CD4+ T cells and FoxP3+ Treg cells in a Toll-like receptor 2 (TLR-2)-
dependent manner (Wang et al. 2014). Interestingly, the expression of lipid 654
which is derived from Bacteroides spp. in the gut and acts as a TLR-2 ligand is
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repressed in MS subjects (Farrokhi et al. 2013). Lactobacillus spp. is another class
of microbial species that are thought to regulate the functions of IL-10-secreting
Treg cells in animal models of EAE (Lavasani et al. 2010). Glial activation is
another pathogenic mechanism that is thought to be modulated by the gut microbi-
ota in MS. For instance, lipopolysaccharides of Porphyromonas gingivalis are rec-
ognized by TLR2 and have been shown to activate glial cells and promote
neuroinflammation (Shapira et al. 2002).

The blood-brain barrier (BBB; Sect. 3.3.1) is another point of interest linking gut
microbiota and MS pathology. SCFAs such as acetate, propionate, and butyrate
derived from gut microbial-mediated fermentation of dietary fibre have been shown
to potently regulate BBB. Of note, the population of Clostridium spp. which pro-
duces SCFAs (particularly of the XIVa and IV Clusters) is altered in MS subjects as
evaluated by 16S ribosomal RNA (rRNA) sequencing in faecal samples (Miyake
et al. 2015). Faecalibacterium prausnitzii, a butyrate-producing member of the
clostridial cluster IV involved in the promotion of anti-inflammatory signalling, is
severely decreased in the colons of MS patients (Swidsinski et al. 2017).

3.5.2 Microbiome in Neurodegenerative Diseases

The gut microbiome is associated with altering susceptibility to and progression of
neurodegenerative diseases (NDs) (Kim et al. 2022). When considering the treat-
ment of NDs, the gut microbiota is known to play important roles in human physiol-
ogy and pathology and in the development of microbiome-based therapies (Fang
et al. 2020). Techniques such as germ-free rearing, antibiotic treatment, and faecal
microbiota transplantation which are developed by manipulating the microbiome
have been shown to have effects that can ultimately modify the progression of NDs
(Sampson et al. 2016).

Even though the exact relationship involving the gut microbiota and the NDs
remains indistinct, researchers are exploring the intestinal microbiome to decipher
the potential pathogenic or therapeutic effects on the disease (Sampson et al. 2016).
The gut microbiome is known to affect brain health, and scientists are starting to
work out how the gut microbiome can affect NDs (Hill-Burns et al. 2017).

In particular, the gut microbiome has been in the progression of NDs such as AD,
PD, multiple sclerosis, amyotrophic lateral sclerosis, and frontotemporal dementia.
The gut-brain axis is an interactive yet complex network that involves the linking of
the brain to the gut as well as establishing a bidirectional communication between
the gastrointestinal tract and the CNS. In many NDs, perturbations of the gut-brain
axis have been reported, signifying a possible role in disease pathogenesis and mak-
ing it a potential therapeutic target. Compositional alterations of the gut microbiome
have been linked to dysfunction in the gut-brain axis as well as degeneration and
inflammation of the CNS (Ghezzi et al. 2022).

The homeostatic condition of the CNS may be influenced by the gut microbiome
by the production of molecules and metabolites that modulates the immune system.
The gut microbiome is also known to play a role in ageing and NDs (Kim et al.
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2022). Researchers have made some findings stating that microbiome-based thera-
peutics can be used for the treatment of NDs, and it is necessary to develop a cus-
tomized treatment plan to maximize their effectiveness (Sampson et al. 2016). Brain
health is believed to be impacted by the gut microbiome, and scientists are starting
to work out how the gut microbiome can affect NDs (Hill-Burns et al. 2017; Kim
etal. 2019).

The microbiome influences brain function and may play a role in NDs by pro-
moting or attenuating inflammation, immunologic activation, and direct effects on
protein aggregation (Sampson et al. 2016). Patients with PD and AD are deficient in
“good” bacteria, which may help explain the development of these conditions
according to studies. A relatively new method of determining the specific species of
bacteria linked to neurodegeneration is under limelight to study the origins of these
disorders (Hill-Burns et al. 2017). Further research is needed to fully understand the
relationship between the microbiome and neurodegenerative diseases and to develop
potential therapeutic approaches.

3.5.2.1 Alzheimer’s Disease

Alzheimer’s disease (AD), a neurodegenerative illness, is the most often identified
cause of dementia in elderly people. Recent research has demonstrated that changes
in the gut microbiota have a direct impact on cognitive decline and actively contrib-
ute to AD (Varesi et al. 2022). The gut microbiome of AD patients differs from
control age- and sex-matched persons in composition and has less microbial diver-
sity (Vogt et al. 2017). Any age-related neurological condition, such as AD, and
mood problems is influenced by the composition of the gut flora (Varesi et al. 2022).

It is understood that through the microbiota-gut-brain axis (MGBA), the gut
microbiota can communicate with the central nervous system (CNS). The gut bac-
teria, the enteric nervous system, and the central nervous system all participate in
the bidirectional MGBA communication system. The gut microbiota affects physi-
ological homeostasis as it should be and plays a role in the aetiology of disorders
ranging from obesity to neurodegenerative illnesses like AD. Multiple studies have
used 16S rRNA sequencing to identify distinct microbiota alterations in AD patients
and transgenic mice, highlighting the important role of Bacteroides fragilis in cog-
nitive impairment and brain amyloidosis (Zhang et al. 2017a). The development and
course of AD may be influenced by the gut flora. The microbiota-gut-brain axis may
be used by probiotics to control cognitive deterioration in AD. However, further
research is needed to establish a cause-effect relationship among gut microbiota,
diet, and neurodegeneration (Vogt et al. 2017).

Probiotics are living bacteria that give the host health advantages when taken in
sufficient quantities. The MGBA may be used to control cognitive deterioration in
AD through probiotic intervention. It has been proved that the probiotic strain
Lactobacillus plantarum PS128 enhances cognitive performance in AD patients.
However, there is little clinical evidence between gut microbiota, nutrition, and neu-
rodegeneration to support a cause-and-effect relationship between these factors
(Cattaneo et al. 2017). Therefore, more investigations are required to thoroughly
comprehend the gut microbiome’s role in AD and to create efficient treatments.
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The microbiota-gut-brain axis, a two-way communication mechanism that
enables the gut to affect the brain via neuronal, endocrine, immunological, and met-
abolic signalling, influences AD through the gut microbiome (Kowalski and Mulak
2019; Burokas et al. 2015). Through several processes, such as the generation of
neurotransmitters, short-chain fatty acids, and immune system modulation, the gut
microbiota can influence the CNS (Liu et al. 2020). Additionally, the blood-brain
barrier (BBB) and immune system are also impacted by the gut microbiota, which
can result in neuroinflammation and the build-up of amyloid-beta (A) (Zhuang et al.
2018). Two pathological markers of AD, the deposition of A and the formation of
neurofibrillary tangles, are mediated by chronic neuroinflammation (Shabbir et al.
2021). Because of this, the microbiota-gut-brain axis plays a critical role in the
pathophysiology and development of AD.

According to several studies, AD patients had changed gut microbiomes with
less microbial diversity and compositional differences from control subjects who
were matched for age and sex (Burokas et al. 2015; Zhuang et al. 2018). The gut
microbiota may offer new targets for treatments and knowledge of AD pathophysi-
ology (Kowalski and Mulak 2019). Probiotics and dietary changes are two potential
treatments. By modifying the host’s metabolic system, immunological system, neu-
rological system, and endocrine system, symbiotic gut microbiomes are known to
sustain brain health (Shabbir et al. 2021). Therefore, comprehending how the gut
microbiota contributes to AD may provide new information about its pathogenesis
and potential treatments (Liu et al. 2020).

3.5.2.2 Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative condition that affects the central
nervous system. Recent research has demonstrated that the gut microbiome is criti-
cal to the aetiology and management of PD. A growing body of research has con-
nected gut microorganisms to the aetiology and symptoms of PD, highlighting the
gut microbiota as an essential regulator of neurodegenerative illnesses.
Gastrointestinal symptoms and changes to the enteric nerve system may precede PD
(Wallen et al. 2022). The gut-brain axis can be altered by changes in the gut micro-
biome, which can result in neurodegeneration, oxidative stress, and inflammation
(Liang et al. 2021).

A meta-analysis of the PD gut microbiome revealed that although there have
been reports of altered gut microbiomes in PD, the results have been inconsistent,
most likely because of variations in study design and patient demographics. Another
study reported that the pathophysiology and therapy of PD are both affected by the
chemicals produced by gut microbes. The research also implies that probiotic-based
supplements, dietary changes, and microbial products may be useful in treating PD
patients who have gut microbial dysbiosis (Liang et al. 2021).

Studies on the microbiome-gut-brain axis in PD have focused on the gut micro-
biome’s role in the disease’s development and treatment. To learn more about the
various disease pathways, researchers are examining the alterations in the gut
microbiota associated with PD. The possibility of the gut microbiota as a therapeu-
tic target for PD is currently being investigated (Tan et al. 2022).



56 A.Vijay et al.

The pathogenesis and therapy of PD both heavily depend on the gut microbiota.
The gut-brain axis can be impacted by changes in the gut microbiome, which can
result in neurodegeneration, oxidative stress, and inflammation. Researchers are
looking at the altered gut microbiota in PD to learn more about the many disease
causes and as a potential therapeutic target. Further research is needed to fully
understand the role of the gut microbiome in PD and to develop effective treatments.

Numerous studies have found altered gut microbiomes in PD, although the
results are inconsistent, most likely because of variations in the populations and
study designs (Petrov et al. 2017). However, PD patients’ gut microbiomes differ
significantly from those of healthy controls, according to a meta-analysis study
(Romano et al. 2021). In particular, butyrate-producing bacteria are less prevalent,
and pro-inflammatory microorganisms are more prevalent in PD patients. These
alterations in the gut microbiota could be a factor in the neuroinflammation and
neurodegeneration seen in Parkinson’s disease.

Butyrate is a short-chain fatty acid that is generated by gut bacteria and has anti-
inflammatory and neuroprotective properties (Sun and Shen 2018). Patients with
PD have lower levels of butyrate-producing bacteria, which could be a factor in the
neuroinflammation and neurodegeneration they experience. Proteobacteria, a pro-
inflammatory bacterium, are more prevalent in PD patients and may have a role in
the gut inflammation that is associated with the disease.

To sum up, PD patients’ gut microbiomes shift, with butyrate-producing bacteria
declining and pro-inflammatory bacteria rising. These modifications could be a fac-
tor in the neuroinflammation and neurodegeneration seen in PD. To better under-
stand the mechanisms underpinning the gut-brain axis in PD and to create
microbiome-based treatments for this crippling condition, further study is required.

3.5.2.3 Amyotrophic Lateral Sclerosis (ALS)
Several recent studies have focussed on understanding the implications of resident
microbiota dysbiosis in the pathogenesis of amyotrophic lateral sclerosis (ALS), a
degenerative condition that primarily affects motor neurons. In addition to serving
as a target for environmental triggers for ALS, gut microbiota may also act as modi-
fying (aggravating or inhibiting) factors during the progression of the disease.
Superoxide dismutase 1 transgenic (SOD1-Tg) mice have served as an excellent
model for understanding the pathophysiology of ALS, including its links to the resi-
dent microbial population. For example, Wu et al. showed a deficiency of butyrate-
producing Butyrivibrio fibrisolvens in the GI tract of SOD1-Tg mice (Wu et al.
2015); interestingly, they also proposed that exogenous butyrate supplementation
could alleviate ALS progression in these mice (Zhang et al. 2017b) (PMID:
28129947). Blacher et al. provided evidence for an altered microbiome in SOD1-Tg
mice which showed aggravation of the disease phenotype in germ-free settings and
upon treatment with broad-spectrum antibiotics. They proposed Akkermansia
muciniphila as a beneficial microbial species, and Ruminococcus torques and
Parabacteroides distasonis as harmful ones concerning ALS symptoms. Further,
they proposed that bacterial-derived nicotinamide might offer protection against
ALS (Blacher et al. 2019). More recently, it has been suggested that alterations in
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gut microbiome may be linked with inflammatory responses during the pathogene-
sis of ALS in SOD1-Tg mice. Further, they found evidence for prodromal dysbiosis
of the resident microbial populations in the gut, preceding the onset of muscle atro-
phy and motor dysfunction, the classical symptoms of ALS (Figueroa-Romero et al.
2019). Immune responses may be a relevant target of the gut microbiome in ALS
pathogenesis, as supported by a study in SOD1-Tg mice.

Evidence from clinical studies has provided contrasting results for the participa-
tion of the gut-brain-microbiome axis in the induction and progression of
ALS. Analyses of faecal samples from ALS subjects indicated significantly reduced
expression of Ruminococcus spp. and altered Firmicutes/Bacteroidetes ratio com-
pared to control subjects (Rowin et al. 2017). In concurrence, Di Gioia and co-
workers observed substantial changes in the identities of the microbial species in
ALS patients vs. controls, with elevated levels of proinflammatory Cyanobacteria
species and downregulated levels of potentially protective Bacteroidetes species.
However, the severity of disease symptoms was not found to be associated with
microbial dyshomeostasis (Brenner et al. 2018). In agreement with the study by
Blacher et al. in SOD1-Tg mice, the risk of developing ALS was proposed to be
significantly increased upon repeated use of antibiotics, particularly penicillin and
related agents that act on beta-lactamase (Sun et al. 2019).

3.5.2.4 Stroke

Stroke is a severe cerebrovascular condition that is characterized by an interruption
of blood flow to the brain. With regards to animal modes, middle cerebral artery
occlusion (MCAO) has served as a useful tool to study the pathogenic pathways and
factors responsible for stroke. As expected, several environmental factors can affect
the pathology of stroke. Hypertension and diabetes are the two major risk factors for
stroke. Because of the capability of the resident microbiota to impact the metabolic
status of the host, the gut-brain axis is thought to have tremendous implications for
the pathogenesis of stroke.

Atherosclerosis is a critical facet of stroke pathogenesis. Gut microbiota are
known to influence the formation of atherosclerosis and thrombosis by inducing
immune cell activation, possibly via alterations in the levels of trimethylamine
N-oxide generated by the metabolism of dietary phosphatidylcholine (Haghikia
et al. 2018). Indeed, microbial-derived trimethylamine N-oxide is associated with
cardiovascular risk in human subjects (Tang et al. 2013). Several species of gut
microflora are thought to be involved in the development of atherosclerotic plaques,
including Porphyromonas gingivalis (Hayashi et al. 2011) and Chlamydia pneumo-
nia (Blessing et al. 2001). Activation of blood platelets and the consequently ensu-
ing thrombosis may also be related to the metabolic action of the resident microbiota.
Phenylacetylglutamine and phenylacetylglycine are two major bacterial metabolites
produced from the catabolic actions of dietary phenylalanine that can bind to 2
adrenergic receptors on palates to activate them. The consequent induction of
thrombosis may significantly elevate the risk for the development of cardiovascular
events such as stroke (Nemet et al. 2020). Cholinergic signalling during stroke
pathogenesis is also a target of the gut microbial species and metabolites derived
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from them. Thus, Wu and colleagues demonstrated that microbiota imbalance in
favour of species of the Proteobacteria and Deferribacteres phyla and against
Firmicutes species may alter cholinergic signalling by modulating the host meta-
bolic profile (Wu et al. 2021).

The gut-brain axis is also thought to influence brain repair mechanisms follow-
ing stroke via microbial actions on immune responses. Dysregulation of gut micro-
flora populations may be a prognostic mechanism closely linked with the events
during and following stroke. Altered levels of Treg and IL-17 secreting yd T cells
induced by microbial dyshomeostasis potentially stimulate stroke development
(Benakis et al. 2016). Dysbiosis of the gut microbiota and increased presence of
Enterobacteriaceae species has been proposed as a pathway for hyperactivation of
neuroinflammatory signalling in stroke (Xu et al. 2021). Similar findings of micro-
flora alterations and reduced diversity have been observed in pig guts in an MCAO
model and the consequent alterations in immune responses as observed by the ele-
vated plasma levels of TNF-a and IL-6 (Jeon et al. 2020). Gut bacteria-mediated
activation of triggering receptor expressed on myeloid cells 1 (TREM1) on periph-
eral CD11b+CD45+ myeloid cells is thought to allow their migration to its isch-
aemic brain resulting in significantly elevated levels of neuroinflammation (Liu
et al. 2019). Gut-derived activated CD4+ T-cell translocation to meninges has also
been shown to exacerbate ischaemic brain injury in a more recent study (Feng
etal. 2019).

3.6 Targeting the Microbiome
3.6.1 Diagnosis and Prognosis

The host and its microbiota interact in many ways including as commensals, sym-
bionts, or pathogens and play diverse roles in human pathophysiology by modulat-
ing direct and indirect pathways as mentioned earlier. Dysbiosis of these gut
microbiota homeostasis might contribute to many life-threatening diseases.
Microbial dysbiosis can be a potential biomarker diagnosis, prognosis, and treat-
ment response for multiple diseases. Moreover, metabolites and small molecules
derived from microbiota can trigger host inflammatory activation in the CNS con-
tributing to the pathogens of multiple neuropathologies. These metabolites or small
molecules along with host-derived cytokines act as potentially efficient diagnostics
and prognostic markers. Studies in drug-naive patients diagnosed with early-stage
Parkinson’s disease (PD) suggest that plasma levels of gut microbiota-derived tri-
methylamine N-oxide can be used as a biomarker in early PD. Dysbiosis of the gut
microbiota, specifically enrichment of Enterococcus and depletion of Prevotella,
may be related to enhanced risk of development of hypertensive intracerebral haem-
orrhage and stroke-associated pneumonia (SAP). These gut microbiota composi-
tions along with the serum cytokine profiles are potential biomarkers for the
ICH. The gut presence of Prevotellaceae is tremendously decreased in PD, and this
may serve as a sensitive and specific biomarker for the disease.
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3.6.2 Therapeutic Targets

The gut-brain axis serves as a conduit for information transfer between the CNS and
the gut microbiota. The creation of short-chain fatty acids, modifications to neu-
rotransmitters and gut peptides, and microbial effects on chronic inflammation and
immunological function are just a few of the ways that the gut microbiota can have
an impact on the CNS. Numerous neurological illnesses, including as obesity, car-
diometabolic disease, spinal cord injury, traumatic brain injury, stroke, and PD,
have the gut microbiota linked to their pathophysiology (Grochowska et al. 2022).

According to studies, microbial modification could be able to help treat or pre-
vent certain neurological conditions (Chan et al. 2022). For instance, a healthy gut
microbiome seems to enhance the effectiveness of brain tumour treatment.
Microbiome dysbiosis can be treated in several ways, including faecal microbiota
transplantation, oral probiotics, bacteriophages, genetic manipulation of gut micro-
biota, and vagus nerve stimulation (Willman et al. 2022).

It has been discovered that CNS infections reduce gut microbiota alpha diversity
(Grochowska et al. 2022). One of the contributing aspects to the CNS’s ability to
maintain homeostasis is the taxonomical composition of the gut. Scientific evidence
has put a lot of emphasis on the effectiveness of diet as a therapeutic target and how
different dietary interventions may modify gut microbiota in different ways. Due to
its hypothesized effects on gut microbiota modification, neuronal stability, and epi-
leptogenesis prevention, the ketogenic diet (KD) in particular has a well-established
role in other disorders including intractable epilepsy (Kaviyarasan et al. 2022).

Faecal microbiota transplant, oral probiotics, bacteriophages, genetic alteration
of gut microbiota, and vagus nerve stimulation are a few of the main ways microbi-
ome dysbiosis may be improved (Grochowska et al. 2022). Additionally, it has been
demonstrated that the ketogenic diet modifies the gut flora and may one day be used
to treat neurological illnesses. Research is still primarily focused on the effective-
ness of diet as a target of treatment and how various dietary treatments may affect
gut microbiota in different ways.

Additionally, the gut microbiome of patients with neuroinfections has been
examined. It was discovered that, when compared to controls, the prevalence of
bacterial taxa such as Clostridium, Anaerostipes, Lachnobacterium, Lachnospira,
and Roseburia was lower in patients with neuroinfection. Although there were no
differences in beta diversity, patients with neuroinfections had reduced within-
sample diversity as measured by alpha diversity measurements. Furthermore,
despite alpha diversity measurements coming close to statistical significance, short-
term antibiotic therapy had no discernible impact on the gut microbiota.

There is rising interest in the possibility of manipulating the microbiome as a
therapeutic target for a variety of neurological illnesses due to the complicated
interaction between the gut microbiota and the central nervous system. To find the
most efficient treatments for gut-brain axis illnesses, however, and to establish
direct causal links between altered gut microbiota and a variety of disorders, more
studies are required.
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3.7 Microbiota as Regulators of Longevity and Their
Anti-aging Functions

The ageing and lifespan processes have been revealed to be greatly influenced by
the gut flora (Sonowal et al. 2017). According to studies, the gut microbiota changes
significantly as we age, resulting in increased disease vulnerability and immune
system dysregulation. It has been discovered that among older persons who are age-
ing normally and successfully, alpha diversity increases with age. Extremely long-
lived people’s gut microbiota makeup has also been investigated, and some studies
have shown certain microbial signatures linked to longevity (Zhang et al. 2017a).
By activating the innate immune system, age-related gut dysbiosis may contribute
to unhealthy ageing and decreased longevity (Biagi et al. 2010). Studies on aged
rats fed a low-fat diet enhanced with Lactobacillus and subjected to calorie restric-
tion have revealed improved organ function (O’ Toole 2017). It is becoming increas-
ingly clear that the microbes in the human gut play crucial roles in health and
disease and may influence the ageing process (Kong et al. 2016).

According to recent studies, the gut flora can affect ageing and longevity. For
instance, research has revealed that older persons’ gut microbiota is less varied than
that of younger ones and that this reduction in diversity is linked to a higher risk of
developing age-related disorders. Probiotics and faecal microbiota transplantation
are two further therapies that have been found to modify the gut microbiota and
increase health and lifespan in animal models. These results imply that a possible
anti-aging target may be the gut microbiota (Backhed et al. 2007).

The gut microbiota may regulate innate immunity, sarcopenia, and cognitive
function alterations that are brought on by ageing and are all components of frailty
(O’Toole and Jeffery 2015). The human gut microbiome has an impact on host
health either directly or through gut bacteria linked to autoimmunity. Through
microbial, viral, and nutritional therapies, the gut microbiota may be revived, which
may enhance immunological homeostasis, guard against oxidative stress, and halt
the ageing process (Singh et al. 2023). By preserving intestinal epithelial integrity,
promoting digestion, developing the intestinal immune system, and suppressing the
growth of harmful bacteria, the gut microbiota affects the long-term homeostasis of
metazoans. Age-related chronic diseases are linked to abnormal changes in the gut
microbiota (Kim et al. 2022).

3.8 Conclusion

The central nervous system (CNS), including brain circuitry, neurophysiology, and
behaviour, has been shown to critically depend on the gut microbiota for proper
functioning. The gut-brain axis is an essential component involved in a variety of
CNS disorders, where the gut-brain axis is implicated, such as Alzheimer’s disease,
Parkinson’s disease, Autism spectrum disorder, Anxiety and depression. Over the
last few years, research has demonstrated that the gut microbiome plays a role in
basic neurodegenerative processes from the creation of the blood-brain barrier to
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neurogenesis. The vagus nerve connects the gut to the brain directly, and bacteria
can trigger the enteric nervous system’s afferent neurons. Microbial species dysbio-
sis can cause aberrant immunological signalling, and host homeostasis imbalance,
leading to the progression of illness related to CNS. The gut-brain axis describes the
relationship between bacteria and their interaction with the brain, which results in
changes in CNS status. The function of the gut microbiome and the gut-brain inter-
play in specific CNS illnesses has been established, and it has been proposed that a
healthy gut microbiota is significant to the prevention and treatment of CNS
diseases.

Furthermore, mechanistic research into the gut-brain axis is required to better
understand the underlying causes of CNS illnesses and to develop new therapeutic
targets. The creation of accurate biomarkers for CNS illnesses may aid in the iden-
tification of persons at risk of developing these diseases as well as the monitoring of
disease progression. The incorporation of gut-brain axis research into clinical prac-
tice may result in new CNS diagnostic and therapeutic strategies such as faecal
microbiota transplantation (FMT) and probiotics, targeting microbiome metabolites
may open up new avenues for the treatment of CNS illnesses. Personalized medi-
cine may be used to design and target specific gut microbiome and its metabolite
patterns linked to CNS illnesses.

To summarize, effective treatment options for CNS disorders remain an active
subject due to the intricacy of the aetiologies and the scarcity of appropriate bio-
markers in people. The gut microbiome and gut-brain axis are a potential field of
research to understand the mechanics of this complicated system and to design
effective biomarkers and treatments that could lead to new CNS disease treatment
strategies.
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Abstract

The dysregulation of the gut microbiota has been associated with the develop-
ment of numerous gastrointestinal and extraintestinal disorders, and it has been
found to be a critical regulator of many disease conditions. This correlation
between the gut microbiota-brain axis and neurodegeneration has been estab-
lished by recent research, which suggests that changes in the gut microbiome
may be a contributing factor. This has made it possible to investigate novel
microbiota-based treatments. Recent advances in research have greatly increased
our understanding of the importance of the gut microbiota; this gut ecosystem
includes viruses, archaea, bacteria, fungi, yeast, and eukaryote. Increasing evi-
dence demonstrates how dynamic gut microbiota changes can affect brain physi-
ology and behavior. Cognition was generally assumed to be controlled only by
the central nervous system. The process of neurodegeneration, cerebrovascular
illnesses, and cognitive dysfunction is now understood to be regulated and influ-
enced by several non-nervous system variables, including the gut-resident bacte-
ria of the gastrointestinal tract. The gut microbiome not only produces metabolites
but also interacts with the immune system, potentially impacting the brain.
Dysbiosis in the gut microbiome can lead to chronic inflammation, which has
been associated with various neuropsychiatric conditions such as anxiety and
depression. Overall, the gut microbiome is increasingly recognized as an impor-
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tant factor in brain function and mental health. Elucidating the intricate interac-
tions within the gut-brain axis holds promise for developing novel therapeutic
strategies to treat and manage neuropsychiatric disorders. Based on these obser-
vations, this chapter discusses how the gut microbiome is intricate in brain
function.

Keywords

Microbiota - Stress - Food habit - Lifestyle - Brain function

4.1 Introduction

The Human Microbiome Project and the Metagenomics of the Human Digestive
Tract Project were launched in 2007 to study the diversity of microbial communities
within the human body. However, it is inaccurate to state that the colonization of the
human gut by microorganisms begins in utero and is initiated by various microbial
groups found in the amniotic fluid and placenta (Mariat et al. 2009). The interaction
between the gut and the brain is termed the gut-brain axis. Microorganisms in the
gut flora can be infectious, neutral, or beneficial to the host. The microbiota ecosys-
tem includes all bacteria, fungi, viruses, and archaea (Swidsinski et al. 2005).
Microorganisms have been an integral part of human history and play a critical role
in maintaining human physiology. The human body is home to a vast array of
microorganisms, most of which are bacteria, viruses, and fungi that reside in the
gastrointestinal tract. These microorganisms, especially bacteria, are involved in
various physiological functions within the body, such as host metabolism and
immunity. In recent years, there has been a surge of research on the role of the gut
microbiome (GM) in influencing the brain through the microbiome-gut-brain axis.
The gut and central nervous system (CNS) are connected via a two-way communi-
cation pathway known as the gut-brain axis. This axis is believed to be influenced
by multiple mechanisms, such as the immune system, endocrine system, and vagus
nerve, to facilitate this communication. Studies have shown that alterations in the
GM may be associated with a range of neurological and psychiatric conditions,
including depression, anxiety, and autism spectrum disorders. Researchers are
investigating the potential of using probiotics, prebiotics, and other interventions to
modulate GM to prevent and treat these conditions. Overall, the growing body of
research on the microbiome-gut-brain axis is shedding light on the intricate rela-
tionship between microorganisms and human health, providing new avenues for
understanding and treating neurological and psychiatric disorders (Cryan et al.
2019; Vaher et al. 2022).

The trillions of microbes that reside in and on us are referred to as the “human
microbiome” (Ursell et al. 2012). The study of the microbiome has advanced tre-
mendously over the past two decades. The group of microorganisms is called the
GM, and the majority of our microbial population lives in the gut. This GM plays a
major role in human health and the proper function of body metabolism. For the
digestion of food particles, GM will be used, and they can produce SCFAs that
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protect the host from carcinogens and help the intestinal mucosa develop an immune
system. Many biological systems, including immune function, food nutrient diges-
tion, host behavior, and cognitive function, have a substantial impact on the compo-
nents of GM (Guo et al. 2019).

4.2 Influencing Factors on Gut Microbiota

The composition of the GM can be influenced by a variety of factors, including
genetics, diet, age, lifestyle, medications, environmental exposures, mode of birth,
diet, stress, physical exercise, medications, etc. (Fig. 4.1). The GM is recognized to
have a critical role in several physiological processes, such as digestion, metabo-
lism, immune function, and even behavior. In order to promote gut health and pre-
vent or treat dysbiosis-related diseases, it is essential to comprehend the factors that
influence GM and their impact on health (Cresci and Bawden 2015; Kumbbhare et al.
2019). In this context, exploring the influencing factors on GM can help to promote
a better understanding of the complex interplay between GM and human health.
The significant factors that will be discussed are listed below.
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Fig. 4.1 Represents the influencing factors involved in the GM. The composition and diversity of
the gut microbiota are influenced by a variety of factors including diet, environment, etc.
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4.3 Mode of Birth

Birth serves as the first opportunity for large-scale bacterial colonization. When a
baby is born naturally through vaginal delivery, the mother’s vaginal microbiota is
first exposed to the child when they move through the birth canal. Dominguez
researched Cesarean section and normal delivery mother and newborn baby’s
microbial development. They find that after 20mins of birth, the microbiota of vagi-
nally born children is similar to that of their mother’s vagina, whereas infants deliv-
ered through Cesarean section have microbial communities similar to those found
on human skin (Dominguez-Bello et al. 2010).

4.4 Diet

This is another factor that commonly affects GM composition and brain behavior.
In general diet, habits relate to the composition of the microbiota in the gut
(Turnbaugh et al. 2008). This Western diet habit leads to the obese and many
metabolic-related disorders, because this food has high levels of fat, salts, and sug-
ars. The animal model (Rat) study involved administering a high-fat diet (HFD) to
the animals, leading to changes in GM levels as a consequence of this dietary intake
(Hildebrandt et al. 2009; Devkota et al. 2012). Studies involving human volunteers
who were provided with diets that controlled their dietary intake have been con-
ducted to examine the effects of different nondigestible carbohydrates on the com-
position of GM over short periods. By switching the major nondigestible
carbohydrate in the diet from wheat bran to resistant starch (or vice versa), while
maintaining a constant intake of protein, fat, and total carbohydrate, researchers
observed rapid and reversible changes in the representation of specific bacterial
groups in the GM of overweight participants within a few days (Walker et al. 2011).

4.5 Environment

The environment is another general factor; at the same time, a polluted environment
can disturb the GM. Some environmentally exposed chemicals have already been
proven that could create an impact on the GA, e.g., beta-glucuronidases, azoreduc-
tase, sulfatases, beta-lyase, and nitroreductase (Claus et al. 2017).

Bisphenol A (BPA) is one of the endocrine-disrupting chemicals, and for plastic
product production, it’s generally used. In an animal model study exposure to the
BPA 120 (mg/mL) in male CD-1 mice (21 days old) for 10 weeks of treatment, the
results conclude BPA caused a decreased level in the species diversity of gut
microbes (Lai et al. 2016).
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4.6 Exercise

Regular moderate level of exercise is required for healthy brain activity, and it leads
to a reduced level of stress and an increased level of immunity. At the same time,
excess level of physical exercise affects brain plasticity, influencing cognition and
health (Weinberg and Gould 1999; Bermon et al. 2015). Overall, it is important to
engage in regular moderate exercise to promote healthy brain activity, reduce stress,
and boost immunity. However, excessive levels of physical exercise may have nega-
tive effects on brain plasticity, cognition, and overall health, so it is important to find
a balance that works for each individual.

4,7 Obesity

In obese conditions, GM plays an immense role: modulation of the human GM
could lead to weight gain for underweight children, and also it can lose weight for
obese condition individuals.

In the last 5 years, there has been a significant focus on investigating the relation-
ship between GM and its role in regulating body weight and metabolism. Research
has shown that the GM plays a critical role in the control of energy balance, appe-
tite, and metabolism and that changes in its composition may lead to the develop-
ment of metabolic disorders and obesity (Turnbaugh and Gordon 2009). Studies
investigating the potential role of GM in obesity have primarily focused on its
peripheral control of food intake. However, it remains unclear whether GM can also
influence central control of food intake, and therefore, further research is necessary
to explore this potential connection. Currently, investigations are underway to
examine whether GM plays a role in regulating the side effects of centrally acting
psychotropic medications, including atypical antipsychotics, which may cause obe-
sity as a possible side effect. These studies are derived from observations made on
rats that were administered olanzapine, a medication known to impact the GM com-
position (Manco 2012; Davey et al. 2012).

4.8 Medication

Many therapeutic medications are used for the diagnosis process. Among these
drugs, antibiotic drugs play a vital role in GA alterations. Commercially used drugs
like metformin, proton pump inhibitors, laxatives, and statins were also shown to
have robust effects on GM (Antunes et al. 2011). Metatranscriptomic techniques
were also used to examine GM samples exposed to multiple medications. The effect
of short-term exposure of human feces to nonantibiotic medications such as stom-
ach acid suppressor (nizatidine), cardiac glycosides, an analgesic (phenacetin), an
anthelmintic (Ilevamisole), and sulfasalazine on the expression of microbial genes
linked with drug import and metabolism (Maurice et al. 2013).
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4.9 Stress-Induced Alterations in Gut Microbiota

Numerous preclinical studies have demonstrated that stress can impact the GM in
various animals, including pigs, resulting in alterations to its composition and ecol-
ogy (Mudd et al. 2016); rodents (Golubeva et al. 2015); and horses (Mach and
Fuster-Botella 2017). Pregnancy period time stress leads to the alteration of the
offspring’s GM. Depression, anxiety, and stress are highly comorbid conditions,
which mean that they often occur together in individuals. This may be because they
share overlapping biological mechanisms and manifestations. As a result, research-
ers studying the GM-brain axis often investigate these conditions together.
Depression and anxiety are two of the most prevalent psychiatric disorders world-
wide, affecting millions of people. These disorders fall under the category of mood
disorders and may arise due to the disruption of the body’s ability to regulate its
internal processes in response to stress and return to a state of balance or homeosta-
sis. Chronic stress can lead to dysregulation of the hypothalamic-pituitary-adrenal
(HPA) axis, a key component of the body’s stress response system. This can result
in alterations in neurotransmitter function, inflammation, and other physiological
changes that can lead to depression and anxiety condition. Research indicates that
GM may have a role in modifiable mood and behavior, potentially through its com-
munications with the CNS via the gut-brain axis. As a result, researchers are inves-
tigating the use of probiotics and other interventions targeting GM as potential
treatments for these conditions (McEwen and Wingfield 2003; Cryan et al. 2019;
Morais et al. 2021).

4,10 Addiction

Addiction to the drug could lead to the modification of GM. Most of the recent
research focus on the impact of drug addiction modified the GM level. Chronic
inhalation of alcohol vapor induced significant alterations in the GM of mice.
Specifically, the abundance of certain bacterial groups was altered, and there was an
overall decrease in bacterial diversity. These changes in the GM were associated
with increased levels of systemic inflammation and altered behavior in the mice
(Peterson et al. 2017). Other studies have also found that drug addiction, including
addiction to opioids, cocaine, and methamphetamine, can lead to alterations in the
GM (Galley et al. 2014). These changes in GM may contribute to the development
and maintenance of addiction, as well as other adverse health outcomes associated
with drug use. Overall, these studies suggest that addiction can lead to significant
changes in the gut microbiome, which may contribute to the development and main-
tenance of addiction, as well as other adverse health outcomes associated with
addiction. More studies are required to gain a deeper understanding of the intricate
relationships between GM and addiction.
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4,11 GM Involved in Brain Function and Behavior

American scientist Gershon in the nineteenth century elucidated the relationship
between the gut and the brain (Grenham et al. 2011). Neurological networks, immu-
nologic, and endocrine systems all place an immense role in the gut-brain commu-
nication processes. The changes of microbiota in the term are defined as dysbiosis.
This dysbiosis is linked with many metabolic-related disorders such as obesity, dia-
betes, colorectal cancer, and rheumatoid arthritis, CVD (Shreiner et al. 2015; Young
2017). Interactions with the CNS take place according to the structure known as the
“microbiota-gut-brain axis.” Interaction between the gut, intestinal microbiota, and
the brain involves the release of different metabolites such as SCFAs, structural
components of bacteria, and signaling molecules.

4,12 The Gut Microbiome and Diseases

The human body’s relationship with its microbes is complex and interconnected.
Disrupting this delicate balance can have serious consequences for the body and its
microbial inhabitants (Gomaa 2020). GM has been linked to a growing list of dis-
eases and health conditions, ranging from gastrointestinal disorders to metabolic
diseases and even neurological disorders. Some of the disorders are discussed below
(Fig. 4.2).

4.13 Multiple Sclerosis (MS)

MS is an autoimmune disorder that affects the CNS. It is characterized by the grad-
ual onset of symptoms such as motor deficits, blurred vision, and changes in sensa-
tion that often appear spontaneously and without any warning signs. These
symptoms may worsen over time, leading to significant disability and impairment
in daily life. Unlike some other neurological disorders, MS often presents without a
clear prodrome or warning signs prior to the onset of symptoms (Dendrou et al.
2015). The etiology of MS appears to be complex and unclear, involving interac-
tions of environmental and genetic factors. Among these impacts, GM stands out as
one of the most significant environmental contributors. The “hygiene hypothesis”
states that reducing exposure to infections in childhood may raise the risk of auto-
immune and allergy illnesses (Ascherio 2013; Oksenberg 2013; Fleming and
Fabry 2007).

Currently, there is no therapy designed to intentionally modify the GM in indi-
viduals with MS for beneficial effects (Jangi et al. 2016; Tremlett et al. 2016).
However, identifying the links between GM and MS can create opportunities for
developing innovative therapeutic interventions. One such intervention is dietary
modification, which can lead to rapid changes in GM. Plant-based diets, SCFA sup-
plementation, and probiotics are among the dietary modifications that could poten-
tially improve GM in MS patients, but they require further evaluation. Furthermore,
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the diet should be considered as a potential confounding factor when studying GM
in MS (David et al. 2014; Budhram et al. 2017). In a study by Borody and col-
leagues, fecal microbiota transplantation (FMT) was administered to three MS
patients who were experiencing severe constipation. The results showed that FMT
reduced their neurological symptoms and improved their walking ability.
Nevertheless, it is important to acknowledge that the study had certain limitations,
including a small sample size and a lack of a control group, which restricts the gen-
eralizability and reliability of the findings (Borody et al. 2013).

4,14 Major Depressive Disorder (MDD)

MDD is a type of mental illness (Kessler et al. 2003). Growing evidence suggests
that GM is crucial for controlling human behavior and brain activity (Mayer et al.
2014; McGuinness et al. 2022). Comparing patients with MDD to healthy controls,
observational studies revealed apparent changes in the composition of the GM;
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however, it is unclear which particular taxa of bacteria are responsible for differ-
ences between groups.

Several observational studies examined the GM of patients with MDD. Additional
research has shown that probiotics and symbiotics can help patients with their
symptoms of anxiety or depression. It has been demonstrated that a plant-based diet
can modify gut function and helps reduce depressive symptoms. These findings
suggest that MDD may have impacted the composition of the GM (Chang et al.
2022; Horn et al. 2022). A recent study on MDD condition reported a higher relative
abundance of Firmicutes, Actinobacteria, and Bacteroidetes in individuals with
MDD. Furthermore, the study demonstrated that fecal transplantation of microbiota
from MDD patients to germ-free mice resulted in depressive-like behavioral changes
in the mice (Zheng et al. 2016). The above findings indicate that MDD can disturb
the GM, at the same time targeting the GM may provide a new option for its treat-
ment and management.

4.15 Alzheimer’s Disease (AD)

AD is the most common neurodegenerative disorder worldwide, characterized by
memory impairment and the accumulation of beta-amyloid (Ap) plaques in the
brain (Kelley and Petersen 2007; Malampati et al. 2020). Multiple factors link GM
to ASD symptoms, with early life events playing a significant role in shaping the
composition of microbial communities. Delivery mode, for example, can have a
major impact on the development of GM, with infants delivered vaginally having
different microbiota than those delivered via Cesarean section. Other early life fac-
tors, such as diet and antibiotic use, can also shape the composition of GM and
potentially impact the development of ASD symptoms. The causes behind this AD
pathogenesis are difficult to understand. AD is defined by a severe deficit in mem-
ory, cognitive, and physical performance, resulting in a decrease in mental, behav-
ioral, and functional activities that disrupt day-to-day life activities. Aging with
poor nutrition intake leads to AD condition; in this condition, modified rich nutrient
composition of diet could manage a good GM (Tiwari et al. 2019; Kesika et al.
2021). In AD conditions, the gut-brain axis, GM arrangement, and probiotic inter-
vention act as a major role. Probiotics are organisms that are alive that are beneficial
to humans, particularly the digestive system. Probiotics are sometimes called “good
bacteria,” since they aid in maintaining a healthy gut (Joint FAO 2002). A multifac-
torial etiology appears to be likely with brain inflammation changes; notably modi-
fied microglia activity plays a major role (Wyss-Coray 2006). Experimental data
denoted that changes in the GM could modify intestinal activity and systemic-
related inflammation which leads to the distribution in the blood-brain barrier func-
tion (Jiang et al. 2017; Askarova et al. 2020; Le Page et al. 2018). At the same time,
GM dysfunctions are related to the early phases of AD pathogenesis; it can promote
immunosenescence, neuroinflammation, oxidative stress, and cytokine production
(Leblhuber et al. 2020).
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4,16 Parkinson’s Disease (PD)

It is one of the major neurodegenerative diseases. Above 65 years of age groups of
people generally affected by PD. In this PD condition, a-synuclein plays a vital
role; it’s a type of protein involved in the communication between the brain and gut.
In addition to affecting the brain, PD can also impact other organs in the body.
Notably, PD patients commonly experience gastrointestinal problems, with consti-
pation affecting around 80% of individuals with PD. This suggests that PD may
involve disruptions to the enteric nervous system (ENS), a complex network of
neurons that controls digestive functions in the gut. Accumulation of the a-synuclein
protein in the ENS, similar to what occurs in the brain in PD, may contribute to
these gastrointestinal symptoms. Hence, it is essential to consider the gut-brain axis
in the pathology of PD and explore potential therapeutic strategies that target ENS
(Ueki and Otsuka 2004; Parashar and Udayabanu 2017). Although PD is typically
thought of as a movement illness, it has long been understood that the symptoms
extend beyond motor dysfunction, since PD patients frequently experience non-
motor symptoms, such as cognitive impairment (Reeve et al. 2014; Aarsland et al.
2017; Perez-Pardo et al. 2017). Symptoms of PA include tremors, rigid movements,
and a unique gait, but these motor impairments and brain pathology may not become
evident until the disease has progressed significantly. At this stage, many of the
dopaminergic neurons in the substantia nigra, which control motor function, have
degenerated or lost their axons. This loss of dopamine is thought to be the primary
cause of Parkinson’s motor symptoms. This loss of function can lead to the motor
symptoms of PD, such as tremors and difficulty with movement (Cheng et al. 2010).
New evidence suggests that certain lifestyle factors may play a role in the develop-
ment of PD. Specifically, recent research has shown that smoking and coffee con-
sumption are linked to a lower risk of developing PD. It is believed that these
protective effects may be due to changes in the GM (Scheperjans et al. 2015).

4,17 Autism Spectrum Disorder (ASD)

ASD is a neurodevelopmental disorder that is defined by challenges in communica-
tion, social interaction, and repetitive or restricted behaviors. These symptoms can
appear as early as | year of age in some infants. While ASD is believed to have a
strong genetic component, environmental factors can also play a role in the develop-
ment of co-occurring medical conditions, including anxiety. It is not uncommon for
up to 40% of children with ASD to experience significant anxiety. Therefore, early
intervention and support can help improve outcomes for individuals with ASD and
their families (Risch et al. 2014; Li and Zhou 2016).

While the symptoms of ASD can vary greatly from person to person, they are
typically characterized by difficulties in three main behavioral domains: social com-
munication, social interaction, and repetitive behaviors or interests. The social com-
munication difficulties that are commonly associated with ASD include challenges
in using and interpreting nonverbal communication, such as facial expressions and
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gestures, as well as difficulties with verbal communication, including challenges
with language comprehension and expression. Social interaction difficulties can
involve challenges in forming and maintaining social relationships, interpreting
social cues, and engaging in reciprocal social interactions. People with ASD may
struggle to understand the perspectives of others and may have difficulty with imag-
inative or creative play. Repetitive behaviors and interests may include a wide range
of behaviors, such as repeating specific phrases or movements, becoming intensely
focused on a particular topic or activity, and exhibiting rigid adherence to routines
or schedules. Overall, while the presentation of symptoms can vary significantly
among individuals with ASD, these three domains of behavior are commonly
affected and are used as primary criteria for diagnosis (Lenroot and Yeung 2013).

4.18 Epilepsy

Epilepsy is a neurological disorder characterized by recurrent seizures, which affect
millions of people worldwide. Recent studies have suggested a potential link
between GM and the development and progression of epilepsy. More than 70 mil-
lion individuals worldwide suffer from epilepsy, a chronic neurological condition
that has a significant social and financial impact. It is defined by relapses and unpro-
voked sudden seizures. An elevated risk of mental illness is present in patients with
epilepsy, which can result in higher levels of disability and mortality rates. This
underscores the importance of addressing the mental health needs of individuals
with epilepsy to enhance their overall health outcomes and reduce disability and
mortality. There have been limited studies investigating the potential impact of
changes in the GM on epilepsy (Dahlin and Prast-Nielsen 2019; Safak et al. 2020).
These changes in GM may contribute to the development and progression of epi-
lepsy through several mechanisms. For example, alterations in the GM can lead to
increased intestinal permeability and systemic inflammation, which may trigger sei-
zures. In addition, the GM plays a crucial role in modulating the immune system,
and dysbiosis can lead to immune dysfunction, which may lead to epilepsy.
Additionally, the gut-brain axis has been implicated in the pathogenesis of epilepsy,
with evidence suggesting that the GM may influence brain function and behavior
through various pathways, such as the production of neurotransmitters and SCFAs.
A ketogenic diet (KD), which is high in fat and low in carbohydrates, has been
shown to be an effective treatment for drug-resistant epilepsy (Kwan and Brodie
2000). Another study investigated the impact of a ketogenic diet on the GM and
seizure activity in mice with epilepsy induced by pilocarpine. The study found that
the ketogenic diet improved the GM composition, including an increase in benefi-
cial bacteria such as Lactobacillus and Bifidobacterium, and reduced seizure activ-
ity in the mice (Olson et al. 2018).

Overall, these findings suggest a potential link between the GM and epilepsy.
Further research is needed to elucidate the precise mechanisms underlying this rela-
tionship and to explore the potential therapeutic strategies targeting the GM in the
management of epilepsy.
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4,19 Schizophrenia

Schizophrenia is a severe psychiatric disorder characterized by a range of symp-
toms, including delusions, hallucinations, and disorganized thinking. Recent studies
have suggested a potential link between GM and the development and progression
of schizophrenia (Rantala et al. 2022). The exact cause of schizophrenia is yet
unclear. Several investigations have demonstrated that people with schizophrenia
have gastrointestinal inflammation and gut bacterial infections (Fond et al. 2015;
Yolken et al. 2015). Shen conducted a cross-sectional study that used the 16S
sequencing method to compare the GM of individuals with schizophrenia to that of
healthy controls. The predominant bacterial phyla in the GM of healthy individuals
are Firmicutes, Actinobacteria, Bacteroidetes, Proteobacteria. However, in indi-
viduals with schizophrenia, the abundance of Proteobacteria was higher than in
healthy controls (Shen et al. 2018). Castro-Nallar and their colleague conducted a
study on the GM of individuals with schizophrenia and found that the proportion of
Firmicutes was higher in individuals with schizophrenia compared to healthy con-
trols. However, their study did not find a significant difference in the abundance of
Proteobacteria between the two groups. This suggests that there may be a variety of
disorders related to Firmicutes in the digestive tract of individuals with schizophre-
nia, while the imbalance of Proteobacteria may be more noticeable in the gut
(Castro-Nallar et al. 2015). A study done by Nguyen and colleagues investigated the
GM composition in individuals with schizophrenia compared to healthy controls.
The study found significant differences in the GM of individuals with schizophre-
nia, including a decrease in bacterial diversity and an increase in harmful bacteria
such as Clostridium.

These changes in the GM may contribute to the development and progression of
schizophrenia through several mechanisms. For example, alterations in the GM can
lead to increased intestinal permeability and systemic inflammation, which may
trigger or exacerbate symptoms of schizophrenia. The immune system is influenced
by the GM, and dysbiosis can cause immune dysfunction that may contribute to the
development of schizophrenia (Nguyen et al. 2018). Additionally, the gut-brain axis
may play a role in the pathogenesis of schizophrenia, as GM can impact brain func-
tion and behavior via various pathways, including the production of neurotransmit-
ters and SCFAs. Taken together, these findings suggest a potential link between GM
and schizophrenia. Further research is needed to elucidate the precise mechanisms
underlying this relationship and to explore the potential therapeutic strategies tar-
geting GM in the management of schizophrenia.

4.20 GM Effect on Behavior and Cognition

The two-way communication between the GM and the brain can be attributed to
various mechanisms, including neural, immune, metabolic, and endocrine path-
ways. The immune system is essential for the two-way exchange of information
between the stomach and the brain. Pro-inflammatory cytokines including IL-1,
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IL-6, and TNF indicate systemic inflammation and are upregulated in the serum.
These cytokines are linked to patient symptoms like sadness and illness (Kelley
et al. 2003; Myers 2008).

According to the GM-brain axis, there are two-way interactions between the
bacteria in the gut and several aspects of brain function, such as emotional behavior
and cognitive function (Rhee et al. 2009; Cryan and Dinan 2012). The human GM
is referred to as the “second brain” of the human since it generates most neurotrans-
mitters found in the brain and is known to have a key role in neural development,
cognition, and behavior (Dinan and Cryan 2017).

A chronic illness called cognitive impairment is the main factor in the increasing
loss of functioning and disability. Notably, a few approaches have been suggested to
address the dysbiosis of GM, including the use of probiotics, dietary changes, and
fecal microbiota transplants (Zmora et al. 2019). Changes in the GM caused by
inflammation, infection, or drugs, especially antibiotic therapy, can have extraintes-
tinal effects, including changes in the brain. Behavioral changes, such as depres-
sion, anxiety, and cognitive impairments, have recently been identified as additional
microbial targets (Collins et al. 2012). Gareau and colleagues conducted a study on
germ-free mice modal; they stated that the microbiota is essential for normal cogni-
tive development (Gareau et al. 2011).

4.21 GM Influences the Brain Axis

The brain-gut axis is a two-way communication pathway that facilitates the trans-
mission of information between the brain and the gut in mammals. This communi-
cation occurs through multiple pathways, which include the nervous system, the
hypothalamic-pituitary-adrenal (HPA) axis, and the immune system. These path-
ways enable the brain and gut to communicate and interact with each other in vari-
ous ways (Forsythe et al. 2010).

The GM hypothesis proposes that the complex community of microorganisms
inhabiting the gastrointestinal tract can have a profound impact on brain function
and behavior through the gut-brain or microbiota-gut-brain axis. This communica-
tion pathway is characterized by a bidirectional exchange of signals between the
GM, the enteric nervous system, the immune system, and the CNS. Recent research
has highlighted the important role of GM in the development of mental disorders,
including depression, anxiety, and schizophrenia. Alterations in the GM have been
observed in individuals with these disorders, and there is evidence that changes in
the GM can contribute to the development of these conditions (Kelly et al. 2016).
Regulating the GM has the potential to improve dysfunction in the gut-brain axis as
well as alleviate abnormalities in the immune system, HPA axis, and brain. This is
consistent with the GM hypothesis, which suggests that the GM can influence brain
function and behavior. Therefore, targeting the GM may be a promising direction
for the therapy and prevention of mental disorders. By understanding the complex
interactions between the GM and the brain, we can develop effective treatments for
these conditions (Rieder et al. 2017; Liang et al. 2018).
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4,22 Mechanisms and Pathways for the Microbiota
Affecting Cognition

Apart from this, several mechanisms and pathways through which the GM can
affect cognition. These include the following:

Production of neurotransmitters: The GM can produce neurotransmitters such as
serotonin, dopamine, and gamma-aminobutyric acid (GABA) that are involved in
regulating mood, behavior, and cognitive function. Dysregulation of these neu-
rotransmitters has been linked to cognitive impairment and mental disorders such as
depression and anxiety.

Regulation of the immune system: The GM plays a critical role in regulating the
immune system, and alterations in the GM can lead to immune dysfunction and
inflammation, which have been linked to cognitive impairment and neurodegenera-
tive diseases such as Alzheimer’s and Parkinson’s disease.

Production of metabolites: The GM produces metabolites such as SCFAs, which
can cross the blood-brain barrier and affect cognitive function. SCFAs have been
shown to improve memory and learning in animal models.

Modulation of the HPA axis: The GM can regulate the HPA axis, which is
involved in the stress response and has been linked to cognitive impairment and
mental disorders. Alterations in the GM can lead to dysregulation of the HPA axis
and contribute to cognitive dysfunction.

Direct neural communication: The GM can communicate with the brain through
the vagus nerve, which connects the gut and the brain. This direct neural communi-
cation may play a role in the regulation of cognitive function. Overall, GM can
affect cognition through a variety of mechanisms and pathways. Understanding
these complex interactions between the GM and the brain is essential for developing
effective treatments for cognitive dysfunction and mental disorders.

4.23 GM Modification for Therapeutic Changes

GM, which is a complex ecosystem of microorganisms that inhabit the gastrointes-
tinal tract, has been increasingly recognized as a key factor in maintaining human
health (Fig. 4.3). Modifications to GM have been shown to have therapeutic benefits
for a variety of health conditions. One of the ways to modify the GM is through
dietary interventions. Consuming a diet that is high in fiber, fruits, vegetables, and
fermented foods can promote the growth of beneficial bacteria in the gut, leading to
a more diverse and healthier GM. This approach is effective in improving insulin
sensitivity in obese individuals, reducing inflammation in patients with inflamma-
tory bowel disease, and alleviating symptoms of irritable bowel syndrome. Another
way to modify the GM is with probiotics, which are live microorganisms that are
intended to confer health benefits when consumed. Probiotics are effective in pre-
venting and treating antibiotic-associated diarrhea, as well as improving symptoms
of lactose intolerance and reducing inflammation in patients with ulcerative colitis
(Thursby and Juge 2017). Fecal microbiota transplantation (FMT), which involves
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transferring fecal material from a healthy donor to a recipient, is another method for
modifying the GM. FMT is effective in treating recurrent Clostridium difficile infec-
tion, a serious gastrointestinal infection that is difficult to treat with antibiotics.
FMT is also being investigated as a potential treatment for other conditions, such as
inflammatory bowel disease and multiple sclerosis (Gupta et al. 2016). In addition
to these approaches, researchers are also exploring the use of prebiotics, which are
nondigestible food ingredients that promote the growth of beneficial bacteria in the
gut, and postbiotics, which are metabolic by-products of probiotic bacteria that have
therapeutic effects. Taken together, modifying the GM through dietary interven-
tions, probiotics, FMT, and other methods has the potential to provide therapeutic
benefits for a variety of health conditions. Further research is needed to better
understand the mechanisms behind these effects and to develop effective interven-
tions (Fong et al. 2020).
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4.24 Conclusions and Perspectives

Growing scientific evidence and clinical findings confirm the existence of the
microbiota-gut-brain axis, indicating that it is a fundamental component of the brain
and poised to regulate health and disordered behavior. Recent research has shown
that the gut-brain-microbiota axis is a complex and bidirectional communication
network that plays a crucial role in maintaining cognitive behavior and function.
The gut and the brain are connected via a network of neurons, hormones, and
immune cells, and the GM can influence this communication network through vari-
ous pathways, including the production of neurotransmitters and other signaling
molecules. The GM also plays a crucial role in modulating the immune system,
which in turn can influence brain function and behavior. Dysbiosis, or an imbalance
in the GM, has been linked to a range of neurological and psychiatric disorders,
including anxiety, depression, and autism. Numerous factors can affect the gut-
brain-microbiota axis at each level, including diet, stress, medications, and environ-
mental toxins. Therefore, maintaining a healthy GM through a balanced diet, regular
exercise, and stress management may have significant implications for brain func-
tion and mental health. However, more research is needed to fully understand the
mechanisms underlying this complex system and to develop targeted interventions
for individuals with dysbiosis or related conditions. Further research is also required
to understand the multiple aspects of action in this complicated communication link.

In conclusion, the gut-brain axis is a complex communication system that
involves various pathways of communication between the CNS and the gastrointes-
tinal tract. The microbiota-gut-brain axis is essential for the maintenance of normal
brain function, and disruption of this axis has been implicated in the pathophysiol-
ogy of a range of neurological and psychiatric disorders. Recent studies suggest that
GM plays a crucial role in the gut-brain axis and has the potential to modulate brain
function and behavior through various mechanisms, including neurotransmitter pro-
duction, immune modulation, and the production of microbial metabolites.
Alterations in GM composition and diversity have been linked to various cognitive
disorders. GM is a promising therapeutic target for these cognitive disorders, and
studies have shown that interventions such as probiotics, prebiotics, and fecal
microbiota transplantation can improve cognitive function in animal models and
humans. The gut-brain axis is a critical area of research that holds great promise for
the development of novel therapies for cognitive disorders. Understanding the
underlying mechanisms of the gut-brain axis could lead to new insights into the
pathophysiology of cognitive degeneration and the development of more effective
interventions that target GM. Emerging evidence suggests that GM plays an impor-
tant role in brain function and behavior and that alterations in GM composition and
diversity may contribute to the development of cognitive disorders such as
Alzheimer’s disease and other forms of dementia. Therefore, targeting GM through
interventions such as probiotics, prebiotics, and FMT has been proposed as a poten-
tial therapeutic strategy for the prevention and treatment of cognitive disorders.
However, much more research is needed to fully understand the mechanisms under-
lying the gut-brain axis and to develop safe and effective interventions that target
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GM for the treatment of cognitive disorders. Despite the promising results from
preclinical studies, human clinical trials are needed to evaluate the efficacy and
safety of these interventions.
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Abstract

The physiology and pathology of humans are significantly influenced by the
human microbiota. In addition to helping to preserve the homeostasis of the gas-
trointestinal system, the gut microbiota, and microbial metabolites also send sig-
nals to other bodily systems, such as the brain. The immune and endocrine
systems both have an impact on the functioning of the central nervous system.
Notable immune cells called microglia, keep the central nervous system’s func-
tions and homeostasis in check. The gut microbiota’s significance in controlling
microglial growth and function has been addressed. The gut and brain regulate
each other bidirectionally via multiple mechanisms and pathways, including
neural, neuroendocrine, and immunological signals. Recently, research has
focused more on the relationship between immune-related neurological diseases
such as multiple sclerosis, alzheimer’s disease, and neuroinflammation and the
microbiota-gut-brain axis. The involvement of the microbiota-gut-brain axis in
immune-related neurological diseases has been studied using a variety of tech-
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niques, including GF studies, infection investigations, probiotic research, antibi-
otic studies, and fecal transplantation studies. The purpose of this chapter is to
increase understanding of the significance of the gut microbiome, the possible
mechanisms underlying changed gut microbiota and inflammation, and the
pathogenic changes related to neurological disorders.

Keywords

Altered gut microbiome - Neuroinflammation - Developmental disorders -
Neurodegenerative disorders - Gut microbiota brain signaling

5.1 Introduction

The physiology and pathology of humans are significantly influenced by the human
microbiota. Bacteria, bacteriophages, yeasts, fungi, and viruses make up the mam-
malian gut microbiota. In humans, in the initial 3 years, it continues to grow and
stabilize but gets affected throughout a lifetime by many environmental and lifestyle
factors. The metabolism of xenobiotics, dietary fiber fermentation, the production
of vitamins, the defense against pathogens, metabolic equilibrium, and the control
of the immune system are some of the biological processes carried out by the gut
microbiota (Lavelle and Sokol 2020). Birth brings about the development of the gut
microbiome (GM), which changes in many ways over the course of a person’s life-
time. Infants get their mothers’ gut microbiomes at birth. The distinctiveness of the
GM is low and erratic throughout the first 3 years of life. Healthy individuals, who
primarily have Bacteroidetes and Firmicutes, have a steady microbial composition
starting at the age of three and it largely stays the same throughout adulthood. Many
variables, such as lifestyle choices, genetics, age, geography, medications, illnesses,
and nutrition, can have an impact on the distribution and species diversity of the
various bacteria in the gut. The GM again experiences significant alterations in
elderly adults (>65 years old) (Tao et al. 2020).

Moreover, an extensive part of how illness outcomes are regulated is by the gut
microbiome. A diet deficient in fiber diminishes the variety of the colon microbiota
and disturbs the microbiota composition, which is defined by the loss of distal colon
microbiota and a decline in the neighboring mucosal community. Long-term high-
fat diets have been made known to increase the number of harmful bacteria like
Faecalibacterium spp. while decreasing or eliminating the number of beneficial bac-
teria such as Alistipes and Bacteroides spp. Dietary fat may disrupt the pathways
that produce arachidonic acid and lipopolysaccharide (LPS), and it may also cause
inflammation to flare on a frequent basis. Consequently, the symbiotic interaction
between the host and the gut microbiota is crucial for preserving human health.

This chapter intends to raise awareness of the importance of the gut microbiome,
the potential processes underlying altered gut microbiome and inflammation, and
the concerned pathological alterations in neurological disorders.
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5.2 Influence of Gut Microbiota on Brain Function
and Development

The body receives benefits from the gut microbiota when dietary nutrients are trans-
formed into microbial compounds that interact with one another as well as with host
cells, subsequently affecting one’s health and illness state. In addition to helping to
preserve the homeostasis of the gastrointestinal (GI) system, the gut microbiota and
microbial metabolites also send signals to other bodily systems, such as the brain
(Emge et al. 2016).

The complex process of brain development typically starts in the third prenatal
week and lasts until late adolescence. The involvement of GI microflora has lately
been recognized as one of the many elements that can influence brain development.
Early on in life, the gut microbiota is varied and rich, and its alteration during this
pivotal stage can impact brain function and development (Wang et al. 2018). Better
cognitive outcomes were seen in newborns with greater Bacteroides levels, whereas
those with higher levels of gut microbiota’s alpha diversity (the variety of species
found inside each person) had poorer values on the total composite score, expres-
sive language scales, and visual reception (Carlson et al. 2018). Furthermore, given
that our GIT is home to more than a hundred trillion bacteria, multiple studies have
looked at the link between a healthy microbiome and the appropriate development
of brain systems and neural circuits (Borre et al. 2014).

The immune and endocrine systems both have an impact on the functioning of
the central nervous system (CNS) by either activating the enteric nervous system of
the entire digestive system inadvertently or directly via input transmissions from the
vagus nerve during early life colonization of the gut microbiota (Ding and Liu
2019). Studies have shown that the lack of comparable results in vagotomized ani-
mal models lends weight to the idea that the vagal nerve plays a role in the microbi-
ota-gut-brain axis (MGBA), which can be impacted by specific probiotics (Bravo et
al. 2011).

Research on germ-free (GF) animals or animals given broad-spectrum antibiotic
treatment is extensively used to examine the effects of the gut microbiota’s total
lack of development and behavior (Wang et al. 2018). The learning, recognition,
and behavioral abilities of GF mice were compromised. Furthermore, the levels of
important neurotransmitters, including 5-hydroxytryptamine (5-HT), serotonin, and
brain-derived neurotrophic factor (BDNF), are changed in these mice as compared
to control mice. Early childhood may be a vulnerable era for the microbiota in the
gut to control brain growth and behavioral roles because GF mice subjected to gut
microbiota exhibit behaviors that are similar to those of particular pathogen-free
mice (Bercik et al. 2011). Recent research indicates that the diversity of the gut
microbiota is strongly correlated with the functional connectivity between the sen-
sorimotor and parietal lobes, the anterior cingulate and insula, and the amygdala
with the midbrain in resting-state functional MRI of 1-year-old infants (Gao
et al. 2019).

Notable immune cells called microglia keep the central nervous system’s func-
tions and homeostasis in check. The gut microbiota’s significance in controlling



96 J.R.Roy etal.

microglial growth and function has been addressed in research findings. The imma-
ture phenotypes and Tight junction (TJ) protein expression decreased, and the
inflammatory cytokine profiles that affect the basal surveillance state were altered
in GF mice and mice treated with antibiotics, both of which had severe microglial
abnormalities, and resulted in increased BBB permeability, which may permit haz-
ardous chemicals to invade the brain and induce neuroinflammation and injury
(Erny et al. 2015). These investigations highlight the part played by the gut micro-
biota in controlling brain function and neuroimmunity.

5.3  Gut Microbiota-Brain Signaling via the Inmune System

The body defends itself from microbial invasion through the gut by gut-associated
lymphoid tissues (GALT). The blood-brain barrier (BBB) can be crossed by T cells,
dendritic cells (DCs), and macrophages from the gut and GALT, which can then
influence neurons and glia. In the choroid plexus, the brain harbors resident immune
cells including macrophages and DCs, parenchymal cells like microglia, and CSF
cells like leukocytes (Prinz and Priller 2017). So, the gut microbiota, which influ-
ences the host immune system, may additionally regulate these immune cells as
well. Previous works displayed germ-free mice had microglia with global cellular
proportion and maturation defects, reducing innate immune responses, thus point-
ing out that gut microbiota regulates microglial activation and homeostasis, which
impact the CNS immune system (Wu and Wu 2012).

It is known that the brain also releases molecules linked to innate immunity,
namely cytokines and Toll-like receptors (TLRs), as well as molecules associated
with adaptive immunity that play important modulatory roles in brain development,
like antibody receptors and the major histocompatibility complex (MHC). There
may be a connection between autoimmunity and the CNS peripheral immune sys-
tem, according to the existence of meningeal lymphatic vessels. Additionally,
microglia and lymphocytes are necessary for the proper connectivity of brain cir-
cuits and are capable of regulating cognition (Morimoto and Nakajima 2019).
Immune cells such as T cells, neutrophils, NK cells, and macrophages can enter the
brain and interact with the CNS similarly to how microglia do, which can affect the
function of the brain. Microglia can regenerate in the CNS from embryonic progeni-
tor cells and undergo phagocytosis, antigen presentation, and brain physiological
functions and further to this, severely influence behavior and neurodegenerative
illnesses. Most parts of the brain’s vasculature have tissue-specific selective BBB
features that permit the movement of necessary molecules while preventing the
entrance of potentially harmful materials or cells (Wu et al. 2023).

Several works of literature show that the GI microbiome develops brain immu-
nity as well as influences the maturation of microglia cells. GI microbiome triggers
the microglial cell maturation in the initial years of embryonic development and
paves the way for the proper functioning of microglia in adulthood. SCFAs from the
gut microbiota may influence microglia maturation (Silva et al. 2020). Immune fac-
tors, cytokines, and chemokines circulate through the vagus nerve and
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circumventricular organs to affect the brain. Pro-inflammatory cytokines can
increase BBB permeability in the brain by causing neuroinflammation. Inflammatory
responses, immune cell infiltration, and reactive gliosis can result from BBB leak-
age, causing neurodegeneration (Jeon et al. 2021). The neurotransmitters like sero-
tonin, dopamine, and glutamate in the brain are affected by cytokines while intestinal
microbes regulate brain function via non-inflammatory cytokines. In neonatal mice,
antibiotic exposure decreased plasma granulocyte colony-stimulating factor
(G-CSF). G-CSF crosses the BBB to stimulate brain neurogenesis and protect
against Alzheimer’s disease, ischemic injury, and Parkinson’s disease (Prakash
et al. 2013; Meuer et al. 2006). Studies with adult mice treated with antibiotics end
up losing gut microbial diversity and hippocampus neurogenesis and altered gut
microbiome can be restored with the help of probiotics and had more Ly6C high
monocytes and better neurogenesis (Mohle et al. 2016). Thus, the gut microbiota
may promote G-CSF production to treat neurodegenerative diseases and normal
neurodevelopment. The immunomodulatory effects of GM are shown in Fig. 5.1.
Normal immune responses are triggered by the immune system and microbiota.
However, immune system failure causes autoimmune and inflammatory diseases. It
was noted that anxiety-like behavior increased in GF and control rodents without an
intestinal microbiome, so targeting the restoration of gut microbiota in early life
could cure this behavior. Dysbiosis can disrupt microbial metabolism, which can
directly affect anxiety-related disorders by affecting the vagus nerve, immune sys-
tem, and inflammatory responses. LPS and amyloids from the GI microbiome con-
tribute to proinflammatory cytokines and signaling pathways associated with
neurodegenerative inflammation. Under different immunological conditions, gut
microbial communities recruit different immune cells to influence gut immune
responses. Proteobacteria, Fusobacteria, Firmicutes, Cyanobacteria, Bacteroidetes,
Verrucomicrobia are the predominant microbial communities in the mammalian gut
microbiome, according to NGS and metagenome analysis. The host’s homeostasis
depends on the GIT’s heterogeneity but can negatively affect the host. The GI
microbiome is crucial to hosting immunity, as GF mice have fewer immature gut-
associated lymphoid tissues (GALT), antimicrobial peptides (AMPs), and immuno-
globins A (IgAs) than wild-type mice due to imbalanced immune system
development. Additionally, the enteric immune system differentiates commensals
from pathogens and determines immunological tolerance to them (Kabat et al. 2014).
SCFAs inhibit NF-xB and histone deacetylase (HDAC) activity, promoting gut-
barrier function and anti-inflammatory effects as well as increasing regulatory T
lymphocyte function and number in the enteric system (Silva et al. 2020). Intestinal
immune function is impacted by microbial gut flora tryptophan compounds that
bind to the aryl hydrocarbon receptor (AhR). IL-22 is activated by a commensal gut
bacterium called Lactobacillus reuteri, which also generates indole-3-aldehyde and
catabolizes tryptophan (Schiering et al. 2017). Spermine, Diamine, spermidine, and
polyamines are examples of arginine derivatives generated by the intestinal micro-
flora that affect immune responses by improving the homeostasis of the intestinal
mucosa and resident immune cells (Bekebrede et al. 2020). Thus, intestinal flora
shapes gut microbial communities and regulates pathogens on the intestinal mucosa,
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Fig. 5.1 The immunomodulatory effects of GM. GM by activating the microglia shapes the host
immune system and modulates the activity of resident immune cells. It also impacts the CNS
immune system. Activated microglia along with lymphocyte plays a key task in the formation of
the neuronal circuit. These microglial cells are derived from embryonic progenitor cells and they
regenerate in CNS. The activated microglial cells can interact with CNS immune cells and influ-
ence the physiological function of the brain, behavior, and neurodegenerative disorder. GM can
also trigger microglial cell maturation, combine with tryptophan derivative of microbes to affect
intestinal immune function, influence anxiety-related disorders, influence T lymphocyte activation,
play a pivotal role in autoimmunity of the brain. Gut Microbiome can increase GCSF production
thereby treating neurodegenerative diseases

modulating immune system development and function, and previous reports con-
firmed that GF mice have fewer lamina propria associated CD4+ lymphocytes due
to fewer T helper 1 (Thl) and Th17 cells, IL-17, and IL-22. The vital function of
immune cells in immunology are formed by specific bacterial species. Th17 cells
can defend against pathogens and are implicated in autoimmune disease pathogen-
esis. These cells decrease when segmented filamentous bacteria (SFB) in the GI
microflora decrease or disappear, indicating their potential to differentiate Th17
cells and induce IL-22 and IL-17 (Yang et al. 2021).
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5.4 Neuroinflammation

Gut microbiota modulates brain-resident immune cells as well. Neuroinflammation
activates the gut and brain immune systems, contributing to neurological disorders.
Toll-like receptors (TLRs) on immune cells recognize pathogen-associated molecu-
lar patterns (PAMPs) and microbe-associated molecular patterns (MAMPs) and
activate and as a result, TNF-a, IL-6, IL-1p and IL-17A, produced by activated
immune cells, get into the circulation of the brain via the BBB and may cause or
worsen several neurological disorders (Hug et al. 2018). In the gut and spinal cord
of the experimental autoimmune encephalomyelitis (EAE) model, GF mice gener-
ate less interferon (IFNy) and IL-17A. Segmented filamentous bacteria (SFB) colo-
nization induces Th17 and Thl responses in the intestine and brain and promotes
EAE symptoms in GF mice, demonstrating that gut microbiota impacts neuroin-
flammation via immunological responses. While Bacteroides fragilis and Prevotella
histicola colonization promote Treg function to suppress EAE (Mangalam et al.
2017). Th17 cells can be activated by SFB colonization in the gut and result in
symptoms resembling ASD; however, neutralizing antibodies can lessen ASD-
related behavioral impairments. Neuroinflammation is brought on by inflamma-
some activation, which results in caspase-1 development and the production of IL-1
and IL-18. Pro-inflammatory cytokine production and inflammasome pathways
involved in various neurological illnesses can be activated by specific MAMPs.
Studies show mice caspase-1 deficient mice have diminished anxiety and depressive-
like behaviors following chronic stress (Yang et al. 2019).

CNS microglia affect brain development, homeostasis, and pathology and
involve in cytokine release, complement activation, and phagocytosis. Previous
studies have shown that depleted gut microbiota is associated with immature
microglia with altered inflammatory gene expression (Salter and Stevens 2017).
Similar to microglia, astrocytes are immune cells that govern the blood-brain barrier
(BBB), manage the growth and repair of the central nervous system (CNS), and
provide antigens. Through type 1 IFN signaling, bacterial tryptophan metabolites
and AHR activation in astrocytes control inflammation of CNS (Rothhammer et al.
2016). The homeostasis of immune cells may play arole in regulating gut microbiota-
brain communication.

5.4.1 Altered Gut Microbiome

A surge in the population of bacterial pathogens and a drop in the prevalence of
beneficial microorganisms is known as dysbiosis, which is an alteration in the gut
microflora, often characterized by commensal loss, a bloom of pathobionts, and loss
of diversity. The gut microbiome undergoes structural and functional alterations
because of dysbiosis. As a result, the metagenomic capabilities of microbial com-
munities as well as their taxonomic composition are altered. “Gain of function dys-
biosis” causes chronic inflammation by promoting an excess of pathogenic flora.
“Loss of function dysbiosis,” distinguished by the lack of beneficial bacteria, favors
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the emergence of several disorders such as irritable bowel syndrome (IBS), obesity,
colorectal cancer, chronic kidney disease, cardiovascular disease, metabolic syn-
drome, and many others (Wilkins et al. 2019). When beneficial flora decreases and
pathogenic flora increases, some diseases can develop. The interruption of micro-
bial homeostasis due to the conversion of SCFA-producing microbiota into toxic
metabolite-producing microbiota interferes with gut-brain communication resulting
in the emergence of neuro-disorders such as Alzheimer’s disease, Parkinson’s dis-
ease, anxiety, and depression. Commensal bacteria might impact brain function by
directly altering immunological and neuronal receptors in the ENS and CNS
(Jalandra et al. 2022).

The GI tract, which is inhabited by the majority of beneficial microbes, links up
with the vast number of immune cells. Healthy microbiota boosts barrier immunity
and helps protect their ecological habitat by strengthening the immune system.
Healthy microbiota boosts barrier immunity and helps protect their ecological habi-
tat by strengthening the immune system. Bacteroides fragilis, segmented filamen-
tous bacteria (SFB), Clostridia, and Mucispirillum directly influence immune
system maturation and specialization. To preserve its homeostatic interaction with
the microbiota, the host reduces tissue inflammation, microbial translocation, and
bacteria contact with the epithelial cell surface. This segregation is accomplished
via the interaction of epithelial cells, mucus, immune cells, antimicrobial peptides,
and immunoglobulin A (IgA) in the GI system, which has the maximum density of
commensals (Belkaid and Hand 2014). Pattern recognition receptors (PRR) control
the colonization of microbes. A tight junction protein complex is disengaged by
dysbiosis, which promotes the entry of bacteria or bacteria-related components into
the lamina propria and lowers the levels of the zonula occludens toxin. Pathogens,
harmful external, and internal signals like oxidative stress and inflammatory cyto-
kines produced by tissues or cells, can all activate TLRs. In steady-state environ-
ments, TLR4 exists at a low level in the intestinal mucosa and may be activated in
response to lipopolysaccharides (LPSs) made by gram-negative bacteria. Intestinal
inflammation and intestinal barrier disruption were reduced in TLR4 knockout
mice. Activation of the TLR4-mediated inflammatory signaling pathway can result
from microbiota dysbiosis (Ding and Liu 2019).

Although a person’s microbiota tends to remain relatively stable over time, there
are still daily variations within a person, and dramatic changes can happen after
significant disruptions. Antibiotics, infection or colonization by foreign commensal
microorganisms, significant dietary changes, or non-infectious diseases that affect
GI function are common causes of disruption. The microbiota may recover and
revert to its natural composition after the selection pressure is removed, depending
on the extent and duration of the disturbance. As a result, numerous risk factors have
been related to the pathogenesis of gut dysbiosis. Obesity and high-fat and high-
sugar diets have been linked to reproducible gut microbiota changes. The constitu-
tion of the microbiota can be modulated and maintained by environmental factors
such as food, exercise, maternal surroundings, delivery method, and interaction
with sources of new microbiota like probiotics. Gut dysbiosis is also linked to social
stressors and exposure to xenobiotics like heavy metals and pesticides (Sommer and
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Bickhed 2013). The physiology of the host may be negatively impacted by repeated
disruptions, which might hinder healing.

Dysbiosis thus causes persistent, low-grade irritation making gut permeability
and inflammation as the risk factors for several illnesses, including IBD, advanced
liver disease, chronic kidney disease, diabetes, and so on. TLR in innate immune
cells, such as CD4+ T helper (Th) cell subsets, myeloid cells, and mast cells, recog-
nize LPS and peptidoglycan found in intestinal microbes as pathogen-related or
damage-associated molecular patterns, respectively. This results in the onset of
chronic systemic low-grade inflammation. In addition to this, dysbiotic microbiota
hijacks the host’s immune system by altering inflammasome signaling, modulating
TLR signaling, and degrading secretory IgA through bacteria-derived compounds
(sIgA) (Levy et al. 2017). By directly adhering to the intestinal epithelium, SFB
increases IgA synthesis that constrains the pro-inflammatory property of commen-
sal bacteria and activates Th17 cells and serum amyloid A protein. In contrast, most
other bacteria use SCFAs to control the homeostasis of regulatory T lymphocytes
(Treg). Gut microbiota is closely associated with the balance of Th17 and Treg via
Th17/Treg axis (Omenetti and Pizarro 2015). Specific components of GM cause the
production of pro-inflammatory cytokines such as IL-6, IL-23, IL-1p as well as the
production and expansion of Th17 cells. Commensal bacteria and their metabolites
promote the generation of intestinal Tregs that actively induce mucosal tolerance. In
dysbiosis, a decrease in the number of SCFA-producing bacteria results in an unbal-
anced production of Tregs and irritated mucosa (Levy et al. 2017). Polysaccharide
A, which is produced by B. fragilis and TGF-f from intestinal epithelial cells, con-
trols Treg cells. TGF-p is mainly expressed and activated upon short-chain fatty acid
(SCFA) stimulation or by dendritic cells (DCs) after bacterial contact. TGF-f levels
in the gut are modulated by the gut microbiota which impacts the development and
function of immune cells to regulate microbiota sequestration within the mamma-
lian lumen (Bauché and Marie 2017). In a study, more than 30 different human
Clostridia strains were injected into GF mice, and this caused a threefold rise in
Tregs than the uncolonized controls. However, adding of just one strain from the
same Clostridia collection resulted in an even more subdued Treg response (Atarashi
et al. 2013). This implies that higher microbial diversity enhances host immune
responses, whilst lower microbial diversity may promote inflammatory processes.

In addition to TGF-f signaling, the gut microbiota and its metabolites affect the
integrity of the intestinal epithelium by activating signaling pathways such as AhR,
STAT3, and mTOR. Excessive energy intake can result in the excessive activation
of mTORCT1 signaling, which can alter homeostasis and cause metabolic diseases
(Bauché and Marie 2017). Numerous mTOR inhibitors, including rapamycin, met-
formin, and resveratrol, are used to treat metabolic disorders, specifically obesity
and type 2 diabetes (T2DM). Strangely, all these medications change the gut micro-
biome (Levy et al. 2017). Metformin and resveratrol inhibit mMTORC1 by activating
AMP-activated protein kinase, also known as AMP-activated protein kinase.
Rapamycin is the traditional mMTORCI inhibitor, but over time, it will also inhibit
mTORC2 and Akt, impairing insulin action and upsetting glucose homeostasis.
Strong evidence that the host’s gut microbiota can control the activation of AMPK
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and its downstream effectors, like mTORCI1, was found in germ-free mice, which
were resistant to HFD-induced obesity (Noureldein and Eid 2018).

Inactivation of tuberin (TSC2) will increase mTORC1 pathway activity, which
will decrease the development of intestinal goblet and Paneth cells. Due to this sup-
pression, mucus and antimicrobial peptide production will decrease, which will
result in dysbiosis of the gut microbiota. However, mTORC?2 signaling has a role in
the control of the immunological state and leads to the inactivation of Akt, leading
to the impairment of phosphorylation of FoxO1 (Noureldein and Eid 2018). FoxOl1
regulates the formation of antimicrobial peptides by binding to the gene promoter’s
regulatory region, which affects gut microbiota composition. When immune cells
are activated by stress, they release more pro-inflammatory cytokines (IL-6, TNF-a,
and IL-1p), as well as a number of chemokines (CXCL-1, MIP la and monocyte
chemoattractant protein-1) (Zeng et al. 2013).

Alterations in the GM composition have a direct impact on intestinal barrier
integrity, GI motility, and mucus secretion. Disruption in gut epithelial structure
may allow the translocation of commensal bacteria and toxic signals into the host
which cause both inflammation and infection. Glial cell, synaptic pruning, and
myelination function as well as immunological, neurotransmitter, and stress hor-
mone production are all supported by balanced GM and its derived metabolic pro-
files. Thus, via controlling neuronal circuits, the microbiota gut brain (MGB) axis
affects higher psychological processes such as mood, emotion, cognition, and mem-
ory. Through the MGB axis, gut dysbiosis alters the integrity of the intestinal mem-
brane and negatively influences the endocrine, neurological, and immunological
systems (Anand et al. 2022). Further, a variety of bacteria, including pathogenic,
commensal, and probiotic microbes, can activate neural pathways and the central
nervous system’s signaling process, which can lead to the onset of mental illnesses
such as depression and anxiety. In addition, Lactobacillus rhamnosus, Helicobacter
pylori, L. paracasei, Pseudomonas, E. coli, and B. longum have been mentioned
while exploring directed interactions between the central nervous system and the
GIT (Anand et al. 2022). In addition to affecting the gut-brain axis, the gut micro-
biota also affects immunity, metabolism, and brain function. Additionally, it has
been demonstrated that factors such as diet, sleep habits, and antimicrobial expo-
sure alter brain function by altering the gut microbiome (Arneth 2018).

Abnormalities in the metabolic profile of GM and GM-derived organisms lead to
immune-driven inflammation, insufficient neurotransmitter release, elevated stress
response, premature and malfunctioning glial cells, defective synaptic pruning, and
impaired myelination. Therefore, dysregulation of the MGB axis affects higher psy-
chological functions such as cognition, emotion, mood, and memory by altering
neuronal circuitry. Because of the altered microbial variety, composition, and
metabolites, there may be fewer goblet cells and less mucus produced, resulting in
a thin mucosal layer. Leaky gut (leaky gut syndrome) is a condition in which the
changed microbiota reduces the expression of tight junction proteins (such as clau-
din-5 and occludin) between intestinal epithelial cells, increasing permeability
(Anand et al. 2022). This leads to the increased translocation of pathobionts and
their toxic components such as LPS and peptidoglycan into the systemic circulation
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leading to increased secretion of pro-inflammatory cytokines (like interleukin
(IL)-18, IL-1, IL-6, and TNF-a), and alter the levels and synthesis of neurotransmit-
ters (noradrenaline, glutamate, dopamine, and 5-HT), lead to faulty MGB signaling.
A leaky gut causes disruptions in the tight and anchoring junction proteins in the
frontal cortex, hippocampus, and striatal regions of the brain, results in chronic
systemic inflammation and eventually alters the function of the brain (Erny et al.
2015). In the brain parenchyma, increased BBB permeability leads to an increase in
the release of chemokines, endocrine (stress) messengers, and cytokines as well as
excessive immune cell trafficking and toxic microbial metabolites. Neurotrophin
synthesis, myelination, and changes in neurotransmitters and their related receptors
are all signs of a changed neuroimmune status (Arneth 2018; Erny et al. 2015).
Taking these findings together, it can be shown that GD inhibits MGB signaling and
sets off the pro-inflammatory cascade, both of which are directly associated with the
beginning of NPD symptoms.

5.5 Microbiota Influenced the Blood-Brain Barrier and the
Structure of the Brain

Specialized endothelial cells in the microvasculature make up a semipermeable bar-
rier BBB, which divides the brain and peripheral blood. Several conditions are
linked to microbially induced BBB disruption, including Parkinson’s disease,
Alzheimer’s disease, schizophrenia, and autism spectrum disorders (ASDs) (Heijtz
et al. 2011; Fiorentino et al. 2016). The modulation of the BBB by numerous bacte-
rial metabolites and neurotransmitters is produced in the gut. Several rodent models
have focused that the loss of intestinal microbiota can bring about the permeability
of BBB, and its functionality can be restored when the gut microbiota is free of
pathogens (Braniste et al. 2014). The enhanced BBB permeability and its subse-
quent development into Alzheimer’s disease with the deposition of amyloid-peptide
are also possible effects of metabolic illnesses like diabetes (Spadoni et al. 2017).

Microbiota dysbiosis affects the protective properties of the BBB, such as tight
junction expression and permeability regulation that can bring about behavioral
changes. The microbiota dysbiosis can affect the protective properties of the BBB,
through tight junction expressions such as permeability modulation, and can lead to
behavioral alterations. Previous works have shown that microbiota is necessary for
the typical development of the hippocampus and microglial morphology, displaying
the interconnection of brain morphology and GM (Zhu et al. 2020). Earlier MRI
studies have displayed that there is a correlation between the relative abundance of
actinobacteria and better microstructural organization of the amygdala, hypothala-
mus, and thalamus. Structural alteration can influence motor coordination, focus,
and cognitive test (Fernandez-Real et al. 2015).
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5.6 Neurological Disorders

The GI microbiota is sensitive to progressive functional loss due to neurological
disorders. Pathogenic processes like the weakening of the gut epithelial barrier, the
loss of enteric neurons, and altered mucosal immune function can result in an exces-
sive generation of pro-inflammatory cytokines. Along with aging, many other fac-
tors as previously mentioned in this chapter are linked to considerable changes in
the composition of the gut microbiota, like decreased microbial richness and diver-
sity and a drop in bacteria with anti-inflammatory capabilities, along with altera-
tions in GI physiology. Brain functions, such as cognition and memory, can be
regulated by the gut microbiota through this pathway of communication called the
microbiota-gut-brain axis (Holmes et al. 2020).

The biochemical signals cause the brain to react, leading to mood, behavior, and
cognition changes. Clinical trials have examined a variety of methods for altering
the microbiome, including fecal microbiota transplantation (FMT), the administra-
tion of probiotics or antibiotics, or dietary therapies that are non-invasive yet may
alter the host immune systems (Anand et al. 2022). Ailments of the central and
peripheral nervous systems, known as neurological disorders, may involve the
autonomous nervous system, spinal cord, brain, neuromuscular plaque, cranial and
peripheral nerves and their roots (Holmes et al. 2020). Here, we highlight the neu-
rological conditions that may be impacted by GM-immune interaction, including
developmental abnormalities and neurodegeneration.

5.6.1 Development Disorders

5.6.1.1 Autism Spectrum Disorder

Autism spectrum disorder (ASD) is a neurodevelopmental disease that is distin-
guished by poor social interaction and the appearance of repetitive or stereotyped
behaviors. Over the past few decades, ASD incidence has been steadily rising. ASD
may result from an amalgamation of factors associated with genes and the environ-
ment. Due to immunological dysregulation and digestive issues, anomalies in the
peripheral, enteric, and neuroimmune systems have been linked to
ASD. Gastrointestinal disruptions are more common in ASD patients and a rise in
intestinal permeability, which results in higher serum levels of toxins and bacterial
metabolites, might cause immunological reactions that affect social behavior and
brain function. The cerebellum and cerebral cortex of postmortem ASD patients’
brains exhibit greater microglia and astroglia activation, and the cerebrospinal fluid
and cortical regions of the brain have higher amounts of proinflammatory cytokines
(Vuong and Hsiao 2017).

Earlier research work into the changes in the gut microbiota composition of ASD
patients observed that the proportion of Bacteroidetes/Firmicutes spp., whereas the
proportion of strains of Sutterella, Odoribacter, and Butyricimonas spp., were con-
siderably raised while the relative proportion of Veillonella and Streptococcus spp.,
were all substantially lowered (Liu et al. 2022). In ASD patients, behavioral and
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emotional symptoms, such as temper tantrums, sleep issues, irritability, and aggres-
sion have a strong association with the intensity of their GI symptoms. Prolonged
GI disturbances are thought to be a risk factor for the development of ASD and
gastric symptoms are often recorded in ASD patients, which may be attributed to a
neurologic reason instead of a gastroenteric cause (Vuong and Hsiao 2017). Children
with ASD and GI issues had lower amounts of the genera Coprococcus, Enterococcus,
Prevotella, Bacteroides, Veillonellaceae, Bifidobacterium, and Escherichia coli
while having greater levels of the genera Lactobacillus, Faecalibacterium, and
Ruminococcus (Xu et al. 2019). Clostridium histolyticum, which is known for pro-
ducing toxins, was found in higher concentrations in the feces of children with
ASD. The Vancomycin medicament has been reported to ameliorate ASD symp-
toms by lowering the levels of Clostridia, which indicates that C. histolyticum-
group bacteria may be a factor in ASD-like symptoms (Xu et al. 2019; Vuong and
Hsiao 2017).

Several studies have shown that immune response regulation has a role in the
influence of altered gut microbiota during pregnancy on the development of ASD in
children. The effector cytokine IL-17A and Th17 cells were thought to be the main
contributors in mothers for maternal immune activation (MIA)-induced ASD in off-
spring in a murine model of maternal immune activation. IL-17 receptors were
elevated in both the mother and the fetus, and maternal IL-17A promoted aberrant
brain growth and ASD-like behavioral symptoms in children (Choi et al. 2016).
These imply that altering the composition of the gut microbiota in the mother and
inhibiting IL-17A signaling may be effective preventative measures for ASD. The
increased gut permeability, ASD-related abnormalities, and altered microbial com-
position in MIA children were all alleviated by the administration of the human
commensal Bacteroides fragilis (Xu et al. 2019). IL 6, IL 1, TNF-«, and monocyte
chemotactic protein 1 are more prevalent in cerebral fluid in ASD individuals, which
is indicative of mucosal inflammation. As a result, the influx of immune cells such
as natural killer cells, monocytes, and CD3+ TNFa+ or CD3+ IFNy+ cells, produce
pro-inflammatory cytokines, that lead to immunological dysfunction in the GI tract
(Chaidez et al. 2014). Higher serum LPS levels associated with the leaky gut syn-
drome have been linked to social skill deficiencies in autistic patients, indicating
persistent inflammatory responses that disrupt brain circuitry signaling. ASD indi-
viduals had decreased GABA concentrations and greater isopropanol and SCFAs
concentrations in their feces. Children with ASD had increased quantities of SCFAs
in their feces, including isobutyric acid, caproic acid, valeric acid, isovaleric acid,
butyric acid, propionic acid, and acetic acid (Kang et al. 2018). Rats had aberrant
movements, cognitive impairments, and decreased social relations after intraven-
tricular infusion of propionic acid. Additionally, rats treated with propionic acid had
more neuroinflammation and oxidative stress in their brain tissue and were also
found to have glial cell differentiation, gliosis, and the release of pro-inflammatory
cytokines in an in vitro investigation utilizing human neural stem cells (Xu
etal. 2019).

ASD may be impacted by several gut microbiota-related issues from the prenatal
maternal aspects such as maternal health, antibiotic use, the birth method, and
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feeding habits. In a rodent experiment, giving a mother a high-fat diet resulted in gut
microbial dysbiosis and deficiencies in social behavior in the offspring, highlighting
maternal obesity is strongly correlated with ASD offspring. Furthermore, anomalies
in fetal neurodevelopment and ASD have been linked to females taking various
antibiotics during pregnancy and could be brought about by antibiotic-induced
immunological activation and changes in the mother’s GM. C-section deliveries
resulted in social and behavioral impairments in the offspring in a mouse model of
ASD, meanwhile, oxytocin therapy restored the mice born by c-section’s low socia-
bility. Children with longer feeding intervals with continued breastfeeding as well
as longer for more than 6 months were found to have a lower chance of developing
ASD and ASD-related GI symptoms (Connolly et al. 2016). Thus, immunological
responses and gut microbiota during pregnancy and the first few years of life may
contribute to the development of ASD-like behaviors in children.

5.6.1.2 Attention Deficit / Hyperactivity Disorder (ADHD)

Several works have reported that the gut microbiota may be involved in the patho-
physiological processes that result in attention deficit hyperactivity disorder
(ADHD) symptoms. The gut microbiome affects the catecholaminergic neurotrans-
mission system’s metabolic pathways or the expression of the genes that code for
these neurotransmitter transporters. ADHD has been linked to higher levels of oxi-
dative and nitrosative (NO) stress indicators and lower antioxidant concentrations,
as well as altered dopaminergic neurons’ mitochondrial quantity and function (Avcil
et al. 2021). When the mitochondrial activity is dysregulated, the byproducts of the
oxidative activities that result in the production of adenosine triphosphate (ATP),
reactive oxygen species (ROS), and reactive oxygen-nitrogen species (RONS),
formed rapidly. Excessive ROS/RONS oxidize the polyunsaturated fatty acids
(PUFAS) that constitute the neuronal membranes, altering the process of apoptosis
and increasing the synthesis of SCFAs as a result of alterations in the microbiome.
ROS/RONS cause a vicious cycle by inducing the generation of inflammatory cyto-
kines, microglial activation, and NOD-like receptor family, pyrin domain-containing
3 (NLRP3) inflammasome activation (Checa-Ros et al. 2021; Solleiro-Villavicencio
and Rivas-Arancibia 2018).

Several literatures have reported that ADHD patients have elevated levels of pro-
inflammatory cytokines such as IFNy, IL-1, IL-13, and IL-6 in their serum. The
bacterium Dialister spp., which has been demonstrated to positively correlate with
an altered temperament and impulsiveness in toddlers, has an antagonistic relation-
ship with the pro-inflammatory cytokine IL-6. In contrast to healthy controls (HC),
ADHD patients showed considerably lower amounts of Dialister spp. and higher
levels of pro-inflammatory cytokines (Martinez et al. 2013). Limiting the expres-
sion of these cytokines may be an essential preventative approach in the treatment
of ADHD as excessive levels of pro-inflammatory interleukins are known to be
associated with neuroinflammation that can induce decreased cortical volume and
negative behavior (Checa-Ros et al. 2021). The presence of higher inflammatory
markers in ADHD patients might lend backing to the idea that low levels of
Feacalbacteria spp. generate inflammation, which interferes with brain development
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and ultimately leads to the pathophysiology of ADHD (Bull-Larsen and
Mohajeri 2019).

With the aid of next-generation 16S rDNA sequencing, Aarts et al. assessed the
variations in the microbial diversity in fecal samples from ADHD patients.
Bifidobacterium, a member of the phylum Actinobacteria, however, significantly
increased in the ADHD cohort. Fascinatingly, the Bifidobacterium genus had sig-
nificantly higher levels of the enzyme cyclohexadienyl dehydratase (CDT), which is
involved in the synthesis of phenylalanine, a dopaminergic precursor and even
altered reward anticipation responses, a neurological feature of ADHD, may be
explained by the microbiome diversity between patients with ADHD and controls in
their study. Parental reports of ADHD symptoms were negatively correlated with
the prevalence of the Faecalibacterium species, and it was discovered that the con-
centration of this bacterium was significantly lower in the ADHD group. By sharing
sequences with microorganisms that can metabolize the GABA neurotransmitter,
the genus Ruminococcaceae_ UGC_004 was used in a different study to support the
idea that the gut microbiome plays a role in the neurotransmitter systems that are
connected to the pathophysiology of ADHD (Bull-Larsen and Mohajeri 2019). The
ADHD group showed decreased beta diversity and substantial changes in alpha
diversity. In comparison to controls, ADHD samples were found to have a consider-
ably greater abundance of Bacteroidaceae at the family level. It was noted that the
decrease in alpha diversity was not seen in ADHD patients’ fathers and controls, but
only in their mothers. This study raises the possibility that changes in the microbi-
ome makeup may be transferred from mothers to offspring (Prehn-Kristensen et al.
2018). Wan et al. discovered that among ADHD patients, Odoribacter (order
Bacteroidales) and Enterococcus concentrations were significantly higher than
those of Ruminococcaceae and Faecalibacterium. The species of Paraprevotella
xylaniphila, Veillonella parvula, Bacteroides caccae and Odoribacter splanchnicus
significantly increased in the ADHD group. The genes that encode the enzymes that
are a part of the dopaminergic synaptic pathways were altered in the ADHD group.
Pieces of literature support that Faecalibacterium may have anti-inflammatory
effects, and that aberrant levels may increase the development of inflammatory
markers that may play a role in the pathophysiology of ADHD. Levodopa may be
excessively converted into dopamine in the digestive tract by Enterococcus, a bac-
terium that has been associated with neurotransmitter release. Additionally, it has
been observed that mice deprived of the 5-HT transporter have much higher levels
of the bacteria Enterococcus, which can lead to lower levels of 5-HT, a neurotrans-
mitter that is also crucial in the pathophysiology of ADHD. Contrarily, Bacteroides
coprocola and Lactobacillus were much less prevalent in the ADHD group than
Sutterella stercoricannis, Bacteroides uniformis, Bacteroides ovatus, the genus
Fusobacterium, and Ruminococcaceae_UGC_004. The phylum Actinobacterium
significantly declined because of micronutrient supplementation, with the order
Bifidobacteriales declining by 25% along with higher concentrations of the species
Collinsella. As a result, there was an improvement in aggression, emotional control,
and general function (Cheng et al. 2020). The findings show that adding extra
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micronutrients may have an impact on how many putative probiotic bacterial spe-
cies are present.

Due to the diversity and composition of the gut microbiota, which oscillates
throughout the 24-h cycle of light and darkness, it is probable that the gut, like the
other tissues, possesses its own peripheral circadian clocks that eventually rely on
the central clock. In animal tests, the variety and abundance of various species,
namely Bacteroidetes and Clostridia, changed throughout the cycle of light and
shade. Bacteroidetes were more prevalent and there were more bacteria during the
mice’s active phase, but Firmicutes predominated during the rest phase and there
were fewer bacteria present. Melatonin also appears to influence the Firmicutes:
Bacteroidetes ratio and the richness and diversity of the gut microbiota in mice
(Leone et al. 2015). The microbial constitution and integrity of the colonic mucosa
in sleep-deprived rats, whose plasma melatonin levels were lower than in controls,
were examined by Gao et al. to determine the changes brought on by melatonin
treatment. The sleep-deprived mice had significantly lower microbial diversity and
richness and significantly higher Firmicutes: Bacteroidetes ratios, while a signifi-
cant drop in Faecalibacterium, Bacteroides, and Akkermansia, was seen, along with
an increase in Aeromonas. Sleep deprivation also drastically decreased the expres-
sion of TJ proteins in goblet cells. On the other hand, following melatonin adminis-
tration, the Firmicutes: Bacteroidetes ratio, and the richness-diversity indices were
reverted to levels like those of the control group. Aeromonas levels significantly
decreased after melatonin therapy, while the concentrations of Akkermansia,
Bacteroides, and Faecalibacterium increased. Melatonin also markedly boosted the
expression of TJ proteins and goblet cell numbers. When the disruptive effects of
lack of sleep were neutralized, the ratio of pro-inflammatory to anti-inflammatory
cytokines and the redox status also changed (Acufia-Castroviejo et al. 2017).

5.6.2 Neurodegeneration

5.6.2.1 Parkinson’s Disease

Parkinson’s disease (PD) is a multicentric, progressive neurodegenerative disorder
that disrupts dopaminergic nerve cells in the substantia nigra due to the accumula-
tion of a-synuclein (a-syn). This encourages Lewy bodies, which are circular lamel-
lated eosinophilic cytoplasmic inclusions, to gradually assemble. Immune
dysregulation and diminished cellular and humoral immune responses in PD dis-
play the relationship between autoimmune disorders and PD. PD risk is associated
with genes that control leukocyte/lymphocyte activity and cytokine-mediated sig-
naling. There is growing evidence that dysbiosis-related intestinal inflammation and
intestinal inflammatory responses have a pathogenic function in PD. Increased
intestinal permeability, which is prevalent among PD patients and could possibly be
an indication of gut microbiota problems, has been linked to motor impairments,
and microglial activation. One of the clinical premotor indicators of PD may be
a-syn neurodegeneration in the ENS associated with GI wall physiological changes
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and chronic constipation. The gut microbiota likely impacts enteric neurons involved
in a-syn secretion are likely impacted by the gut microbiota (Sampson et al. 2016).

There is a positive correlation between the relative richness of the gut
Enterobacteriaceae community and the severity of gait problems and postural insta-
bility in PD. There were found to be reduced levels of SCFA and lower levels of
butyrate-producing bacteria in PD patients, which may potentially cause enhanced
mucosal permeability and exposure to coliform bacteria’s systemic endotoxins
(Gerhardt and Mohajeri 2018). The unregulated expression and misfolding of the
a-syn colon may be brought on by the increase in gut permeability and systemic
exposure to bacterial endotoxins caused by the decrease in Prevotellaceae popula-
tion. Although the abundances of Butyricicoccus, Clostridium, and Roseburia were
positively connected with SCFA levels, those of Phascolarctobacterium,
Intestinimonas, Akkermansia, Sporobacter, Flavonifractor, and Shigella/Escherichia
were adversely correlated with SCFA levels (Sampson et al. 2016). In the fecal
samples of people with PD, there is a substantial drop in ghrelin and Prevotellaceae
species rather than in the relative counts of Enterobacteriaceae that biosynthesize
thiamine, folate, and neuroactive SCFAs and thus incorporating these vitamins and
SCFAs to a diet could assist with tackling Parkinson’s disease by eventually causing
an upsurge Lactobacillaceae and Prevotellaceae (Tan et al. 2020a, b).

The organization of the intestinal barrier depends on occludin and other tight-
junction proteins. Intestinal permeability is enhanced by dysbiosis of the gut, which
destroys the occludins. In PD patients, dysbiosis impairs intestinal barrier function,
activates the immune system, and causes a systemic inflammatory response and can
result in constipation and colonic inflammation due to the long-term existence of
PD. Therefore, LPS and other bacterial neurotoxins pass the intestinal wall and
enter the bloodstream to compromise the epithelial barrier of the gut. NF-xB and
TLR4 are responsible for the generation of TNF-a, IL-1p and IL-6 that cause sys-
temic inflammation when bacterial LPS is present in the bloodstream and progres-
sively breakdown BBB leading to a-syn buildup (Sampson et al. 2016). Increased
levels of TLR4 or bacterial endotoxin-specific ligand expression, CD3+ T cells, and
other cytokines open the door to BBB breakdown, which may cause dopaminergic
neuronal death in the substantia nigra. This shows that one of the major causes trig-
gering PD neurodegeneration may be TLR4-interceded inflammation in the brain or
intestinal inflammation (Perez-Pardo et al. 2019).

The WHO defines probiotics as live microorganisms that, when given to the host
in the proper dosages, promote their health. It has been demonstrated that probiot-
ics, such as lactobacilli and bifidobacteria, can treat PD-like disorders (Tan et al.
2020a, b). L-DOPA, an important dopamine precursor molecule, can be converted
by Bacillus spp., a probiotic bacterium, into dopamine by using DOPA decarboxyl-
ase. People with Parkinson’s disease (PD) are said to benefit from regular consump-
tion of fermented milk products containing Lactobacillus casei shirota because it
reduces the levels of fecal staphylococci (Cassani et al. 2011).

Researchers found that specific bacteria can create beneficial phenolic acids dur-
ing bacterial fermentation in vitro experiments. The synthesis of metabolites
obtained from flavanol-rich preparation (FRP) that affect inflammation or
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a-synuclein misfolding varies depending on the heterogenic humanized gnotobiotic
mice used in the research. Microbial communities in the gut interfere with the mis-
folding and toxicity of a-synuclein, which is a primary pathogenic mechanism of
PD and related a-synucleinopathies. In the early stages of PD, digestive problems
might arise; this may help in the early detection of the condition before motor symp-
toms like tremors and rigidity appear. A vegetarian diet that includes SCFAs has
also been proven to increase UDPRS III levels while lowering the daily effective
dose of levodopa-equivalent. Thus, research on the gastric flora can reveal informa-
tion regarding the toxicity of PD medications (Brown and Goldman 2020).

5.6.2.2 Alzheimer’s Disease

Neuroinflammation, beta-amyloid (AP) plaque accumulation, and neurofibrillary
tau tangles are some of the pathological characteristics of AD. In the CNS, the Ap
polymerizes into fibrils through self-aggregation, resulting in further neurotoxicity
and inflammation. The peripheral immune system is significantly influenced by gut
microbes, making this a promising possible link to AD pathogenesis. The peripheral
innate and adaptive immune system can be modulated by cell components and
metabolites from a changed gut microbial ecology, which can then affect CNS neu-
roinflammatory activity (Seo and Holtzman 2020). The compounds linked with
pathogens in the GI tract may activate mast cells, which then migrate to other tissues
and release inflammatory mediators including cytokines and chemokines as well as
reactive oxygen species, and these mechanisms serve as a defense against infec-
tions, which also have an impact on the microglia, astrocytes, and blood vessels in
the brain. Chronic mast cell activation may result in severe neuroinflammation and
accelerate the degeneration of neurons. The proinflammatory mediators and innate
immune cells including mast cells and microglia might affect BBB permeability.
Furthermore, elevated BBB permeability may promote immune cell or mediator
infiltration into the brain, accelerating neuroinflammation (Zhu et al. 2020).

By drawing in hemocytes to the brain and producing neuroinflammation, dysbio-
sis accelerates the advancement of Alzheimer’s disease. A decrease in microbial
diversity and a disproportion in the gut microbiota are present in AD patients. It has
been shown that pathogenic gut microbiota such as Escherichia coli, Bacteroides,
and Ruminococcus are more prevalent in AD patients, whereas beneficial gut micro-
biota such as Dialister, Eubacterium rectale, and Bifidobacterium are less prevalent
(Seo and Holtzman 2020). In an AD rodent model, it has been demonstrated that
neuroinflammation, which in turn affects amyloidosis, is modulated by antibiotic-
induced microbiota modification. Aggregates of Af- and tau-related pathologies in
the brains of AD mice may be lessened by the introduction of healthy gut flora (Kim
et al. 2020). L. plantarum administration could prevent cognitive dysfunction by
reducing tau hyperphosphorylation and AP plaque development in AD rodents
(Song et al. 2022).

A critical molecule needed for intestinal homeostasis, P-glycoprotein, was found
to be expressed at low levels in a study of AD elders, demonstrating a direct link
between intestinal inflammation and microbiota imbalance. In fact, variations in the
gut microbiota may affect the body’s levels of tryptophan and serotonin as well as
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the synthesis of important brain-supporting chemicals including dopamine, norepi-
nephrine, and brain-derived neurotrophic factor (BDNF). As previously indicated,
the gut microbiota’s generation of SCFAs, such as butyrate, propionate, and acetate,
plays a positive function in energy production, gut epithelia homeostasis, and
immunological modulation (Morris et al. 2017). Dysbiosis can affect their synthe-
sis, which favors the deposition of A plaques, metabolic dysfunctions, and microg-
lia dysregulation, all of which accelerate cognitive loss. Furthermore, a decline in
butyrate-producing bacteria, as seen in AD, has been associated with T cell dysregu-
lation, epithelial barrier leakage, and elevated bacterial translocation (Doifode et al.
2021). Therefore, circulating LPS from Gram-negative endobacteria, also known as
metabolic endotoxemia, stimulates BBB disruption and systemic inflammation via
TLR4 to promote neuroinflammation. Trimethylamine N-oxide (TMAO) and amy-
loid are two toxic chemicals that might arise due to intestinal dysbiosis. Recent
studies have found associations between the microbial metabolite TMAO and ele-
vated beta-amyloid production, peripheral immune response activation, elevated
oxidative stress, intestinal mucosal barrier dysfunction, platelet hyperactivity, and
BBB permeability (Morris et al. 2017). Thus, bile acids from bacteria and choles-
terol are more likely to enter the brain and some endobacteria have the capacity to
create gasotransmitter molecules, including nitric oxide (NO), hydrogen (H2),
ammonia (NH3), methane (CH4), and hydrogen sulfide (H2S), which appears to be
essential for the correct neuronal function and whose modification contributes to
AD pathogenesis (Oleskin and Shenderov 2016).

The idea of fecal microbial transplantation (FMT) has also been researched to
slow cognitive decline, improve gutimmune responses, and trigger anti-inflammatory
cascades in a rat model of AD. Studies have shown inflammation and microbial
dysbiosis in the gut of transgenic mice using the ADLPA*T (AD-like pathology with
amyloid and neurofibrillary tangles) when analyzed with wild-type (WT) mice.
ADLP*T mice that received a fecal transplant from WT donor mice displayed an
interesting combination of improved cognition, decreased gut and systemic inflam-
mation, and reduced amyloid and Tau pathology in the brain (Kim et al. 2020).

The use of probiotics has been advocated as beneficial for AD. In a mouse model
of f-amyloid injected animal model, lactobacilli and bifidobacteria were proven to
be helpful in lowering memory and learning impairment. Remarkably, mini-mental
status examination (MMSE) scores increased considerably after 12 weeks of con-
suming Lactobacillus and Bifidobacterium species in fermented milk in a random-
ized clinical trial of 60 AD patients (Akbari et al. 2016). The measures of cognition
in patients with AD improve when Helicobacter pylori are eradicated with triple
eradication therapy. The possibility that probiotics or antibiotics could be used as
future AD treatment medicines is encouraging. In a recent study, it was discovered
that probiotics and exercise may improve cognitive function, reduce the quantity of
AP plaques in the hippocampus, and subsequently slow down the advancement of
Alzheimer’s disease in mice (Doifode et al. 2021).
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5.6.2.3 Multiple Sclerosis

The CNS is affected by the chronic inflammatory disease known as multiple sclero-
sis (MS), which causes demyelination and neurodegeneration. According to recent
studies, the gut commensal microbial communities can be viewed as a unique envi-
ronmental risk factor for MS as well as other immune-mediated illnesses.

In experimental autoimmune encephalomyelitis (EAE) rats, the most widely
used inflammatory demyelinating disease model, as well as MS patients, changes in
the microbiome and the prevalence of “leaky gut” have been discovered. Faulty
Treg function and raised proinflammatory cell infiltration are the immunological
alterations associated with EAE (Buscarinu et al. 2017). The beneficial gut micro-
biota can restrict astrocyte pathogenicity, maintain BBB permeability, and activate
microglia. Bifidobacterium and lactic acid-producing bacteria like Lactobacillus
have been shown to lessen the severity of EAE symptoms in animal models (Zhu
et al. 2020). Archaea are widely distributed in MS, but Firmicutes, Butyricimonas,
and Bacteroidetes phyla are scarce or absent. The induction of FoxP3+ Tregs, which
control inflammation, is facilitated by species such as Bacteroides and Clostridia
species. In the gut microbiota, TLR2 identifies polysaccharide A of Bacteroides
fragilis to protect against EAE-related CNS demyelination and inflammation.
Haemophilus, Blautia, Psuedomonas, and Dorea genera were increased in MS
patients, however, Prevotella, Parabacteroides, and Adlercreutzia were drastically
decreased (Buscarinu et al. 2017). A recent study found that GABA produced by
Lactobacillus brevis can directly affect adaptive immune cells and antigen-
presenting cells (APCs) in response to myelin proteins, which may lessen inflam-
mation and relieve EAE symptoms (Zhu et al. 2020). Serotonin levels were shown
to be lower in MS patients and EAE animal models. By inhibiting the growth of T
cells, IL-17, and IFNy-release, and stimulating the synthesis of IL-10, elevated
serotonin levels may lessen the severity of sickness. Serotonin may also affect the
pathogenic processes in MS by polarizing macrophages into M2 macrophages
(Sacramento et al. 2018). Although dopamine levels are lesser in MS patients than
in healthy people, there is a higher percentage of IL-17 and IFNy-producing cells in
MS patients, suggesting that dopamine may have a suppressive effect. Dopamine
has the potential to be therapeutic for the management of relapsing-remitting MS by
preventing peripheral blood mononuclear cells (PBMCs) from producing IFN- and
IL-17 (Melnikov et al. 2016). There will be a considerable decrease in SCFA con-
centrations and a loss of bacteria that produce SCFAsS, in individuals suffering from
MS and thus have altered gut microbiomes. Propionic acid-treated rodents exhibited
decreased lymphocyte infiltration, demyelination, and activation of Tregs in the
small intestine in the EAE animal model. It was also shown that 2 weeks of propi-
onic acid treatment for MS patients reduced Th1l and Th17 while increasing Treg
and genes that promote Treg. Propionic acid treatment for 3 years also decreased
brain atrophy and the annual relapse rate of MS (Duscha et al. 2020). Additionally,
in EAE animals, the stimulation of GLP-1/GLP-1R signaling in microglia reduced
spinal cord damage and alleviated clinical symptoms. Probiotic therapy and fecal
microbial transplantation have been shown to reduce MS symptoms in other studies
as well (Zhu et al. 2020).
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5.6.2.4 Amyotrophic Lateral Sclerosis

Lower motor neurons in lower cranial nerve motor nuclei and upper motor neurons
in the corticobulbar tract both gradually degenerate because of ALS. It causes the
weakness of the muscles responsible for mastication, mouth-cheek movement, and
the shielding of the airway during swallowing occurs from dysfunction of either of
these neural groups. Therefore, those who have ALS typically consume food and
beverages more slowly, generally in smaller quantities. Moreover, patients with sub-
stantial corticobulbar dysfunction frequently lament that they have developed a
severe intolerance to spicy food, as this can frequently result in laryngospasm. The
bulbar dysfunction in ALS is likely to have an impact on the oral microbiome caus-
ing difficulty in oral hygiene that progressively impacts the intestinal microbiome.
In ALS, the weakness of airway muscles can result in pneumonia due to the combi-
nation of frequent aspiration, difficulty in the expulsion of secretions, and insuffi-
cient lung expansion. Eventually, immobility can cause pressure sores and skin
infections, so also gastrostomy tubes too get infected. These lead to the frequent
usage of antibiotics which may influence the microbiota in ALS patients (Calvo
et al. 2022).

Several pieces of work demonstrated that there was decreased junctional protein
expression and increased permeability and leakiness with different expressions and
less diversity of the genus and class levels in the GM of ALS patients (Gotkine et al.
2020). Altered gut microbiota have an impact on the progression of ALS, and was
found to have a lower Firmicutes-to-Bacteriodetes ratio and fewer beneficial bacte-
ria such as Anaerostipes, Lachnospiraceae, and Oscillobacter than healthy individu-
als. Another study displayed that ALS patients had altered Firmicutes to Bacteriodetes
ratios together with elevated fecal inflammatory markers, indicating that the imbal-
ance of the gut microbiota may be related to the pathogenesis of the illness (Calvo
et al. 2022). Insufficient quantities of bacterial products such as butyrate and SCFA
cause intestinal epithelium permeability to increase in dysbiosis, which is linked to
ALS and causes systemic dissemination. This causes dendritic cells and macro-
phages to generate proinflammatory cytokines, which alter immune homeostasis
(Casani-Cubel et al. 2021). It was also noted that there will be a decrease in the
protein expression of tight and adherent junctions, which leads to increased intesti-
nal epithelial permeability. In the early stages of ALS, a marked bacterial decline in
Butyrivibrio fibrisolvens and Firmicutes. Anaerostipes and the bacterial genus
Dorea, which is known for its toxic microorganisms, have both seen significant
increases; on the other hand, the Faecalibacterium, Bacteroides, Prevotella genus
and some genera of the Lachnospiraceae family, which are known for their benefi-
cial microorganisms for ALS patients, have seen significant decreases (Zhai et al.
2019). Presymptomatic SOD1 transgenic (SOD1-Tg) mice that are susceptible to
ALS have already shown dysbiosis that has been connected to the presence of neu-
rodegenerative  Ruminococcus torques bacterium. Whereas, the presence of
Akkermansia muciniphila is linked in alleviating ALS symptoms, potentially
increasing motor neurons, and raising GABA/glutamate ratios in the hippocampus.
A similar increase was found in a study related to nicotinamide rise that improved
the motor and functional abilities of ALS (Zhu et al. 2020). Tryptophan levels in
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plasma are raised by the bacteria Bifidobacterium infantis, which has an impact on
serotonin transmission in the brain. They even boost the production of SCFAs,
which are produced through bacterial fermentation and have similar neuroactive
features. The GABA system is one of the primary methods by which intestinal bac-
teria regulate brain chemistry and it has been demonstrated that some species of
Lactobacillus and Bifidobacterium segregate and elevate GABA, by the Lactobacillus
rhamnosus, Lactobacillus brevis, and Bifidobacterium dentium (Calvo et al. 2022;
Zhu et al. 2020). No matter what part of the brain or type of neuron is afflicted, all
these evidence show a consistent link between bacterial flora and the commence-
ment of neurodegeneration.

5.6.2.5 Huntington’s Disease

A progressive neurodegenerative condition with motor, cognitive, and psychiatric
abnormalities, Huntington’s disease (HD) is monogenic, completely penetrant, and
fully symptomatic. The huntingtin (HTT) gene on chromosome 4 is responsible for
HD, which is broadly expressed in peripheral organs such as the gut and skeletal
muscles. HD is brought about by the increase of CAG trinucleotide repeats in exon
1 of the huntingtin (HTT) gene. Mutant huntingtin (mHTT) protein expression in
the GI tract results in GI dysfunction, including reduced gut motility, diarrhea, and
malabsorptive absorption of nutrients. Both in HD patients and in several transgenic
mouse models of HD, malabsorption is correlated with the amount of weight loss
that is a hallmark of HD (Du et al. 2021). However, several pieces of evidence point
to gut dysbiosis as a likely cause of HD. Furthermore, weight loss, a typical HD
symptom, may be hampered by gastrointestinal dysfunction. In relation to body
weight loss and motor impairment, there was an increase in the presence of
Bacteroidetes and a decrease in the number of Firmicutes. There are correlations
between the presence of a systemic chronic inflammatory condition in HD patients
and altered gut microbiota, such as Intestinimonas sp. and Bilophila sp., and plasma
levels of cytokines (IL-4 and IL-6, respectively) (Patil et al. 2021).

In an R6/1 mice model of HD, 16S RNA sequencing was carried out to analyze
the GM, and was observed that the microbiome’s composition varied significantly.
The amount of water in the feces of HD mice at 12 weeks of age was also consider-
ably altered. There was a proportionate decrease in Firmicutes and an increase in
Bacteroidetes, whereas HD male mice showed higher microbiota diversity than WT
control mice, but the HD females did not show any such differences (Kong et al.
2020). Studies on R6/2 mice indicated changes in the GM’s microbial composition,
including a higher percentage of Proteobacteria and Bacteroidetes and lower con-
centrations of Firmicutes in comparison to levels maintained in the control group
(Stan et al. 2020). Gubert et al. discovered changes in the microbiome composition
at the level of orders like Lachnospirales, Bacteroidales, and Oscillospirales in a
highly intriguing work employing the R6/1 mouse strain. This investigation revealed
that all HD animals exhibit more alpha diversity than WT mice. HD patients were
clinically evaluated by means of 16S RNA sequencing on stool samples and cogni-
tive tests and had considerably lower species richness (alpha diversity) and different
microbial community composition (beta diversity) than the control group,
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according to the microbiome evaluation. The findings of the sequencing study reveal
statistically ~ significant differences in Euryarchaeota, Firmicutes, and
Verrucomicrobia at the phylum level in HD males. Similar changes were seen in
families like Erysipelotrichaceae, Akkermansiaceae, Acidaminococcaceae,
Enterobacteriaceae,  Bifidobacteriacea, Lachnospiraceae, Bacteroidaceae,
Christensenellaceae, Clostridiaceae, Flavobacteriaceae, = Coriobacteriaceae,
Rikenellaceae, Eggerthellaceae, Methanobacteriaceae, Peptococcaceae, and
Peptostreptococcaceae. The analysis revealed a positive correlation between the
elevated Intestinimonas bacterial count and anti-inflammatory cytokine IL-4. The
genus Bilophila is negatively correlated with pro-inflammatory IL-6 levels (Patil
et al. 2021). Moreover, it was discovered that there were significant connections
between Porphyromonas and IL-4, IL-10, and IL-13 as well as positive correlations
between Clostridium XVIII, TNF-«, and IL-8 (Du et al. 2021). The outcomes of
these studies unambiguously show a connection between HD patients’ immunologi-
cal responses and the composition of their gut microbiomes.

5.6.2.6 Epilepsy

A persistent propensity to have seizures, together with emotional and cognitive
problems, are the hallmarks of the brain condition epilepsy. The hippocampal for-
mation is important for the development and control of a number of brain processes,
including memory and learning, and is susceptible to neurological conditions like
epilepsy. The most prevalent form of epilepsy, temporal lobe epilepsy (TLE), alters
the excitability and circuitry of the hippocampal region under the influence of both
aberrant neurogenesis and neuronal degeneration.

Despite a paucity of clear evidence, the gut microbiome may have a role in the
formation and activity of seizures by altering microbial signals to the hippocampus.
According to Sewal et al., intraperitoneal administration of LPS increased the pro-
pensity for seizures in rats and increased BBB permeability while also raising levels
of proinflammatory cytokines in the brain. The mechanisms underlying epilepto-
genesis in the temporal lobe have also been linked to impaired synaptosomal trans-
port of GABA and glutamate, which is essential to quickly end neurotransmission
by eliminating extracellular transmitters. Rodents treated chronically with
Lactobacillus rhamnosus (JB-1) had higher GABA(A2) and lower GABA(B1b)
receptor expression in the hippocampus (Ogbonnaya et al. 2015). A similar study by
Janik et al., demonstrated Lactobacillus rhamnosus (JB-1) treatment in mice
enhanced hippocampus GABA and glutamate levels. These studies clearly indicate
that the gut microbiome affects the hippocampus’s GABAergic and glutamatergic
transmission. Numerous strains of the Lactobacillus, Lactococcus, and Streptococcus
genera, as well as Bifidobacterium have been reported to release GABA/glutamate.
Uncontrolled epilepsy increased the Firmicutes/Bacteroidetes ratio. Firmicutes-
phylum bacteria have the ability to control neurotransmitter levels. In patients with
temporal lobe epilepsy (TLE), excessive and uncontrolled neuronal activity is one
of the most obvious signs of an epileptic brain. The enteric nervous system (ENS)
has shown a potential involvement of the gut microbiome in the control of neuronal
excitability. It is interesting to note that a subset of ENS neurons in the colon of
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Sprague-Dawley rats responded to the probiotic Lactobacillus reuteri by becoming
significantly more excitable, increasing the number of action potentials per depolar-
izing pulse, and opening calcium-dependent potassium channels. These findings
imply that substantial changes in the gut microbiome, or the entire lack of gut
microbes in GF animals, are related to modifications in neuronal excitability in the
ENS and CNS. Significantly, higher levels of a-diversity were connected to an
unexpectedly higher number of uncommon gut bacterial species. Studies showed
that more Lactobacillus and Bifidobacterium were associated with fewer annual
seizures. The metabolism of the antiepileptic medication zonisamide can be influ-
enced by the intestinal gut microbiota. Vagus nerve stimulation and the ketogenic
diet (KD) are alternative therapy methods for uncontrolled epilepsy. A KD has been
connected to altered intestinal microbiota composition and function, as well as a
decrease in the frequency of seizures in epileptic patients. Meanwhile, a number of
studies have shown that probiotic supplementation has a beneficial impact on epi-
lepsy (Geng et al. 2022).

5.6.2.7 Stroke

Recent investigations have demonstrated that an altered gut microbiome influences
post-stroke outcomes through a variety of pathways, including metabolites, endo-
toxemia, local and systemic inflammation, immune and neurological systems, and
gut leakiness. Stroke results in gut dysmotility, raises gut-barrier permeability, and
promotes the transfer of microorganisms and microbial byproducts into the blood-
stream, including trimethyl amine-N-oxide (TMAO) and LPS. These modifications
hasten systemic inflammatory response and symptom aggravation, frequently
resulting in poor prognosis. The ischemic brain disrupts gut-brain axis signaling via
neuronal or HPA axis mechanisms in stroke triggered gut dysbiosis. The activation
of innate immune cells by metabolic endotoxemia leads to chronic systemic inflam-
mation and enhanced immune cell migration into the brain, triggering the BBB to
break down and generating neuroinflammation. The presence of gut dysbiosis is
supported by the fact that 50% of stroke patients experience GI symptoms. Ischemic
stroke causes intestinal barrier integrity to be compromised, mucus secretion to be
diminished, and intestinal microorganisms to be transported into the bloodstream
and the extraintestinal organs (Singh et al. 2016). The intestine and the brain’s local
immune cells are impacted by gut dysbiosis. Upon microglial activation in the early
stages of a stroke, peripheral immune cells, particularly monocytes and T- and
B-lymphocytes, infiltrate the area.

Recent studies have found a link between TMAO and an increased risk of cardio-
vascular and cerebrovascular disorders, indicating that this metabolite may have the
ability to treat these conditions by modifying gut flora. The raised plasma levels of
TMAO were dose-dependently associated with a higher risk of stroke and cardio-
vascular events in a longitudinal study involving more than 4000 cases. The levels
of TMAO decreased after antibiotic therapy, emphasizing the role of certain bacte-
rial species in the gut for the formation of this molecule. Preclinical studies show
that phosphatidylcholine metabolites such as choline and TMAO can boost the
expression of macrophage scavenger receptors that contribute in atherosclerosis,
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which is most likely brought on by the presence of bacterial species that live in the
gut (Yin et al. 2015).

Lowered diversity of the gut microbiota after stroke has been clearly demon-
strated in experimental stroke models in mice. The GI microflora was altered by
antibiotics in a way that also reduced the production of an IL-17-associated chemo-
kine and slowed the migration of proinflammatory IL-17yd T cells. So, by control-
ling intestinal T-cell infiltration to the brain, intestinal bacterial species arise to
govern neuroinflammation following a stroke. When compared to healthy subjects,
clinical research on stroke patients revealed altered Firmicutes-to-Bacteroidetes
ratios, higher abundances of opportunistic pathogens (Megasphaera, Enterobacter,
and Desulfovibrio), lower abundances of beneficial SCFA-producing bacteria like
that of Faecalibacterium, Anaerostipes, Blautia, Lachnospiraceae, Roseburia, and
Bacteroides (Benakis et al. 2016). Additionally, after-stroke FMT containing SCFA-
producers such as Lactobacillus fermentum, Bifidobacterium longum,
Faecalibacterium prausnitzii, and Clostridium symbiosum reduced post-stroke cog-
nitive impairments and inflammation while also increasing plasma, gut, and brain
SCFA concentrations, aiding in post-stroke recovery in elderly models. The number
and diversity of Bacteroidetes have also been observed to have decreased after the
stroke. According to a different study, individuals who have had a transient ischemic
attack or stroke have higher concentrations of opportunistic pathogens such as
Desulfovibrio, Enterobacter, Megasphaera, and Osicillibacter and lower concentra-
tions of commensal or helpful genera such as Bacteroides, Faecalibacterium, and
Prevotella. Additionally, an association between the severity of a stroke and the
higher prevalence of Prevotellaceae and Peptococcaceae is seen (Zhu et al. 2020).
In a mouse model of ischemia/reperfusion, therapy with a specific bacterial strain,
specifically C. butyricum, improved cognitive performance and reduced neuronal
harm. After traumatic brain injury, adding psychobiotics to one’s diet has been pro-
posed to lessen comorbidity and psychiatric outcomes. To fully understand the
potential of such microbial therapeutic approaches, more clinical research is
required.

5.7  Conclusion and Future Perspective

In the upcoming years, it is anticipated that there will be an increase in the preva-
lence of neurological illnesses, necessitating greater research. More and more evi-
dence point to the possibility that changes in the gut microbiota or problems with
the MGB axis may have an impact on brain function, either directly or indirectly.
The gut microbiota appears to play a role in controlling neurophysiological function
and cognition via bacterial metabolites, neurotransmitters, IECs, and the immune
system. Research has recently focused on the relationship between immune-related
neurological illnesses and the microbiota-gut-brain axis.The involvement of the
MGB axis in immune-related neurological illnesses has been investigated using a
variety of techniques, including GF studies, fecal transplantation studies, probiotic
research, and antibiotic studies. Animal models provide useful tools for
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investigating how gut microbiota contributes to the development of neurological
disease. The clear biological differences between humans and other animals along
with the complexity, uniqueness, and vitality of the human gut microbiota make it
more challenging to put these findings to the diagnosis and treatment of neurologi-
cal diseases in people. The complexity of the BBB must be considered in studies on
the dual interaction between the GM and the brain. Modern technologies are being
developed to determine and verify biological mechanisms of action and to develop
treatments for neurological diseases. As a result, more pertinent clinical interven-
tion studies should be conducted to clarify the mechanisms that govern how the
microbiota interfaces with the human brain. Researchers can find more thorough
reasons and the impacts of underlying pathways with the help of interventional
techniques like probiotics, prebiotics, and fecal transplantation therapies. Adopting
microbial therapies, such as probiotic/prebiotic medications, FMT, etc., as a stan-
dard therapeutic approach for the early detection and management of neurological
disorders comes with a number of challenges. The acceptability and safety of micro-
bial therapeutic interventions in high-risk populations like children, the elderly, and
people with compromised immune systems is another significant concern. Any
therapeutic intervention involving microbes in populations with elevated risk has a
higher risk, hence extra care should be taken to minimize any possible side effects.
Additional research on the impact of microbial therapeutic interventions, potential
combinations with other therapies, the right sample size, and longer follow-up stud-
ies should thus be taken into consideration. It is necessary to conduct extensive
studies to determine the most advantageous single or microbial formulation for each
specific neurologic condition as the therapeutic effects on neurologic disorders dif-
fer and depend on the therapeutic bacterial strain. The effects of herbal medicine on
the gut-brain axis require further focused research. Additionally, there is a need to
ascertain the long-term safety of such therapeutic intervention because the usage of
probiotics is expanding tremendously. While animal models provide valuable tools
for studying the gut-brain connection, translating these findings to humans requires
careful consideration of the complexity and unique characteristics of the human gut
microbiome. Future research should bridge the gap between preclinical findings and
human applications. The role of the BBB in mediating communication between the
gut and the brain needs further exploration. Understanding how gut-derived mole-
cules interact with the BBB is essential for developing effective therapeutic strate-
gies. Well-designed clinical trials are necessary to evaluate the efficacy and safety
of potential interventions targeting the gut microbiome for preventing or managing
neurological disorders. This includes studying the effects of probiotics, prebiotics,
and fecal microbiota transplantation (FMT) in human populations. Tailoring inter-
ventions based on individual gut microbiome profiles holds promise for optimizing
treatment strategies and minimizing side effects. Addressing challenges associated
with microbial therapies, such as ensuring safety and acceptability in high-risk pop-
ulations (children, elderly, immunocompromised), is crucial. Further research on
potential side effects, optimal dosing schedules, and long-term safety of these inter-
ventions is necessary. Identifying the most beneficial microbial formulations for
specific neurological disorders is critical. Different bacterial strains may have
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varying therapeutic effects, requiring targeted approaches for each condition.
Investigating the potential of herbal medicine to modulate the gut-brain axis and its
impact on neurological health warrants further exploration. Assessing the long-term
safety and efficacy of various gut microbiome-based interventions remains essential.
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Influence of Altered Gut Microbiota
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Abstract

Senescence is a physiological process a cell undergoes. This process is often
considered as a double-edged sword as it as both beneficial and non-beneficial
effects in the living system. Various cell types (e.g., immune cells, intestinal
epithelial cells) are susceptible to undergo senescence reversibly or irreversibly.
In this chapter, we elaborately discuss gut microbes and their influence on cel-
lular senescence. Ageing is an inevitable action. As we age, there is a gradual
depreciation in the body’s functioning and immune system and are thus prone to
various disease conditions. Gut microbes are essential symbiotic organisms pres-
ent in the intestinal tract of the host orchestrating a wide range of physiological
actions and helping in the orderly functioning of the tissues or organs. Normally
as we age there is a significant alteration in the microbial communities in the gut.
This dysbiosis of microbial population breaches the functioning and homeostasis
of gut microbes. This leads to the formation of senescence associated secretory
phenotype and leads to formation of inflammatory microenvironment.
Inflammation is a basic pathological feature for various age-related diseases
including cancer, diabetes, etc. Practicing good diet practices, diet rich in probi-
otics, prebiotics, and naturally occurring polyphenols (e.g., fruits, vegetables,
green tea) are found to enhance growth of beneficial gut microbes and may offer
potential strategies to mitigate the negative effects of age-related gut dysbiosis
and cellular senescence.
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6.1 Introduction

Cellular senescence is a state of permanent cell cycle arrest characterized by a loss
of replicative capacity and a distinct set of phenotypic changes (Kumari and Jat
2021). However, they are metabolically active. There are a number of extracellular
and intracellular triggers that can impose senescence to a cell, including DNA dam-
age, telomere shortening, oxidative stress, oncogene activation, epigenomic altera-
tions, disarranged chromatins, loss of protein homeostasis, lack of mitochondrial
function, inflammation, xenobiotics, and malnourishment (Surova and Zhivotovsky
2013; Passos et al. 2010). Those cells undergoing senescence show distinct charac-
teristic traits namely cell growth arrest, lysosomal activity, damaged macromole-
cules, and formation of senescence-Associated Secretory Phenotype (SASP)
(Gorgoulis et al. 2019; Lee et al. 2006; Saleh et al. 2018). And the morphological
features show an increased cell size, flat appearance, and polynucleated with big
vacuoles (Campisi and D’ Adda Di Fagagna 2007). Senescence is currently recog-
nized as a dynamic and multifaceted process, wherein the characteristics of senes-
cent cells (SC) undergo continuous evolution and diversification in a manner that
depends on the specific context involved (Boisvert et al. 2018). These cells typically
maintain their viability despite changes in metabolic role and are often resistant to
cell death (Zhu et al. 2015).

Senescence process is a protective mechanism that forms a barrier against the
division of defective or potentially harmful cells, including those at risk of becom-
ing cancerous. Senescence serves important physiological functions such as normal
development, tissue homeostasis, tissue remodeling, repair, wound healing, insulin
secretion by pancreatic beta cells, and limiting tumor progression. Its primary role
is to prevent the propagation of dysfunctional, damaged, or transformed cells to
subsequent generations, thereby safeguarding the integrity of the organism (Collado
et al. 2007; Mufioz-Espin and Serrano 2014). However, the accumulation of SC
over time can have negative consequences. SC can contribute to tissue dysfunction
and age-related diseases by promoting chronic inflammation, destroying tissue
regeneration and repair mechanisms, and altering the surrounding microenviron-
ment. The chronic presence of SC is noted in many conditions, such as carcinogen-
esis, neurodegenerative diseases, cardiovascular disease, and frailty (Mufioz-Espin
and Serrano 2014). SCs have been documented in a range of age-related diseases,
including but not limited to atherosclerosis, diabetes, lung disease (Chandrasekaran
et al. 2017). Thus, senescence is a program that exhibits dual effects, with both
advantageous and destructive impacts on a cell (Schosserer et al. 2017).

The human microbiome consists of the combined family of various bacteria,
viruses, archaea, protozoa, and eukaryotes residing within us. These
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microorganisms coexist symbiotically in various locations throughout the human
body, such as the oral region, reproductive organs, trachea, skin, and digestive sys-
tem (Lloyd-Price et al. 2016). It is approximately said that ~10'*~10'* microbes are
noted in human gut that makes up around to a ratio of 1:1 (microbial cells to human
cells) (Sender et al. 2016). This residing micro biota majorly forms bacterial popu-
lation, namely Firmicutes, Bacteroidetes, and Actinobacteria (Tap et al. 2009). The
relationship between the gut microbiota and the living system is a symbiotic one
that is maintained and balanced through an intricate web of crosstalks between mol-
ecules in metabolism, immunity, and neuroendocrine region. This communication
is likely facilitated by metabolites produced by the microbes, which have diverse
effects and can act as signaling molecules to regulate the interplay between the
host’s neurological, immune, and inflammatory systems. This interconnectedness
potentially establishes physiological connections between the gut and other organ
systems in the body (Kho and Lal 2018). Various external factors, such as intake of
antibiotics, dietary components, as well as psychological and physical stress, along
with host-related factors, can disrupt the balance of the gut microbiome. This imbal-
ance is referred as microbiome dysbiosis that can negatively impact the normal
functioning of the microorganisms, compromising the overall well-being of the
host. It can also lead to an overgrowth of specific members of the microbiota, includ-
ing potentially harmful pathogenic organisms, resulting in an imbalance in the pro-
duction of microbial-derived products or metabolites that may be detrimental to the
host. This dysregulation can contribute to a wide range of diseases affecting local,
systemic, or remote organs. Numerous investigations are ongoing to explore the
connection between microbial dysbiosis and cellular senescence. This chapter
enlightens the importance of gut microbiome alterations and its role in cellular
senescence.

6.2 Stress and Senescence

Cellular senescence, simply termed as cell cycle arrest, is orchestrated upon activa-
tion of p53/p21, pl6Ink4a/pRb, DNA damage, chromatin remodeling, senescence-
associated f-galactosidase (SA-p-gal) activity, alterations in metabolic pathways
(mTOR/AMPK), diminished production of mitochondrial reactive oxygen species
(ROS), cellular hypertrophy, and the emergence of SASP (Herranz and Gil 2018).
Some argue that the evolution of cellular senescence serves as a mechanism to safe-
guard cells exposed to chronic stress-induced damage, thereby providing protection
against tumorigenesis (Sager 1991). This is because SASP has the potential to
recruit immune cells, namely macrophages, natural killer cells, or T cells, for the
efficient removal of senescent cells (Song et al. 2020).

Various intrinsic and extrinsic stress plays an upper hand in the cellular senes-
cence (Fig. 6.1). They are responsible for the changes in mitochondrial functioning,
ATP generation, and initiation of Nf-KB cascade (Bulua et al. 2011). The imbal-
ances in gut bacteria and reduced diversity can initiate a detrimental cycle. In this
cycle, mitochondrial damage can increase the release free radicals, which, in turn,
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Fig. 6.1 Representation of various stress factors in cellular senescence

exert sustained oxidative stress and cause further damage to macromolecules. This
leads to damage in the genetic material (DNA), thereby pushing the cells into irre-
versible halt cell division and develop SASP characteristics (Childs et al. 2014).
Thus, ultimately having an impact in the tissue and organ functioning, and exhibit-
ing characteristics commonly associated with aging. Further the replicative stress
also pave way to the formation of SCs. In general, in cellular division, chromosomes
experience a loss of the protective telomere cap, which is essential for their stability.
With each subsequent division, telomeres progressively shorten, eventually reach-
ing a point where they can no longer support further replication. This triggers the
activation of the cellular senescence program, leading to a state of growth arrest and
functional decline in the affected cells (Campisi 1997). Condensing of telomere is
also contributed by the ROS stress (Epel et al. 2004) thereby resulting in SC genera-
tion. Recent studies also reveal that immune cell undergoing senescent program is
associated with loss of immune surveillance and cytotoxic effect that can promote
the accumulation of SCs in the host system (Song et al. 2020).

There is a time to time communication between brain and microbiota residing in
the gut. This interaction between the brain and the gut, known as the gut-brain axis,
is essential for the host homeostasis. It is also revealed that anxiety, stress, and mood
have a negative projection on physiological functioning of gut microbes. However,
the miscommunication of gut and brain is not only responsible for these temporary
disturbances but to more persistent conditions. For instance, disorders of mood of
an individual are often connected with digestive disorders such as irritable bowel
syndrome (Fond et al. 2014). This may be due to the disruption of the balance in the
microbiome composition in the gut and can result in chronic inflammation. Moving
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towards the urban culture including the frequent usage of antibiotics, intake of high
fat diet, and pressurized lifestyles, contribute to gut dysbiosis. Moreover, a reduced
diversity, characterized by little quantity and irregular bacterial colony distribution
in the gut floor is also noticed. Dysbiosis and low diversity can impact various
aspects such as food cravings, metabolism, stress response, and mood, thereby com-
promising immune function and overall health (Madison and Kiecolt-Glaser 2019).

6.3  Gut Microbial Dysbiosis and Associated Pathology

A versatile range of microbiota is found to be anchoring the digestive tract of a liv-
ing system. They are found to survive in the host biological system through a sym-
biotic dealing, thereby helping in the digestion and metabolism of dietary intakes
(Goldsmith and Sartor 2014). These microbes are highly concentrated in the colonic
region by forming colonies. These colonies comprise bacteria, archaea, bacterio-
phages, viruses, and meiofauna (Norman et al. 2014). The intestines of the human
body harbor approximately 100 trillion bacteria, a quantity that surpasses the total
count of human cells in the body by tenfold (Andoh 2016). Comprising over 1000
distinct bacterial species, this group is dominated by approximately 100 species,
accounting for nearly 99% of the total population (Guarner 2005). The type of diet
we consume plays an important role in the prevalence of a specific microbial spe-
cies. For instance, a dietary intake of plant-based carbohydrate-rich food results in
an increase of the phylum Bacteroidetes, specifically the Prevotella species. This is
due to the abundance of enzymes in the metabolism of carbohydrate, namely glyco-
syltransferases, glycoside hydrolases, and polysaccharide lyases. On the other hand,
a diet rich in fats and proteins is found to increase the prevalence of Bacteroides
species (Wu et al. 2011).

An important physiological role of colon is to produce short-chain fatty acids
(SCFAs), namely acetate, propionate, and butyrate, from the indigestible fiber con-
tent in the food. This action is facilitated by the anaerobic microbes, mainly
Bifidobacteria, Firmicutes, and Bacteroidetes residing in the colonic tract by the
process of fermentation (Andoh 2016). SCFA plays an essential role in maintaining
the physiology of colon, i.e., serves as an important source maintaining anionic
concentration, serving as energy for colonic epithelial cells (~10% of the total
energy from food intake), and they also play a vital role in obstructing the growth of
pathogenic gram negative bacteria (Simpson and Campbell 2015).

Maintaining a harmonious bacterial culture in intestines is advantageous for any
organism. Deviations in the morphology of the microbial community that lead to an
imbalance between beneficial commensal, habitat in the gut, and potentially harm-
ful pathogens can compromise the integrity of the gut and disrupt intestinal homeo-
stasis. The altered state of the gut microbiota can arise from the depletion of good
microbes, the multiplication of detrimental organisms or a general reduction in
microorganisms (DeGruttola et al. 2016). Various investigations have been con-
ducted to prove the interconnection between age and the microbial dysbiosis in the
gut (Vaiserman et al. 2020). They represent that, upon aging an organism gradually
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show an enhancement in the number of facultative anaerobes, with a significant
decrease in the presence of beneficial probiotic bacterial species and there has been
a noticeable change in the ratio of firmicutes to Bacteroidetes. Furthermore, the gut
microbiota is known to exert a crucial influence on the lifespan of an individual. A
current report displays the relation between gut microbiome composition and
human survival. The report shows that an increase in the amount of Bacteroides or
reduced gut microbiome is linked with reduction of lifespan and promotes morbid-
ity (Wilmanski et al. 2021). Studies have also revealed that gut microbiome is asso-
ciated with development of chronic pathological conditions, namely type II diabetes
via altering the glucose breakdown, energy usage, inflammation, and gut dysbiosis
(Gurung et al. 2020). Other chronic conditions include cancer. There are a number
of studies investigating the association of gut dysbiosis in the promotion of various
oncologies, namely, cancer in colon, rectal, stomach, respiratory units, pancreas,
prostate, breast, and brain region (Sharma 2022). Furthermore, gut microbiota plays
a crucial role in the development of tumor in a distant area from the gut by control-
ling the release of various metabolic byproducts and toxins in to circulation (Parida
and Sharma 2021). Similarly, studies are ongoing in the identifying the connecting
point between gut microbes and cardiovascular disease (CVD) precipitation (Wang
et al. 2011). There is an increased permeability in the intestinal cells upon aging,
resulting in enhanced diffusion of harmful bacterial metabolites into the blood
stream leading to persistent inflammation. Increase in trimethylamine-/N-oxide
(TMAO), a byproduct released by microbes, was noted in patients with heart failure
stating that TMAO increases the probability of acquiring CVD (Tang et al. 2014).
Gut dysbiosis is also related to the development of immunosenescence and inflamm-
aging (Conway and Duggal 2021). The immunological-aging theory proposes that
immunosenescence, is a fundamental factor that result in increased circulating ROS
species and cytokines, also known as oxi-inflamm aging (De la Fuente and Miquel
2009). Figure 6.2 represents the pathological conditions associated with gut
dysbiosis.

6.4 Immune Senescence and Gut Microbiome

Gut microbiome has the tendency and potency to maintain and regulate surveillance
of the gastrointestinal tract by coordinating the immune system. However, the func-
tionality and physiology of the gut microbiome is maintained by the mucosal
immune system (Kamada and Nufiez 2014). It is well known that the regulatory T
cells (Treg) play an important role in maintaining the homeostasis of the immune
system by suppressing the action or proliferation of the cytotoxic T cells. Under
normal conditions, microbial population of Clostridium genus shows an enhanced
production of these Tregs through the utilization of butyrate released by the micro-
bial fermentation (Furusawa et al. 2013). This was evidenced in a study by Furusawa
et al. where germ-free mice lacking microbiota in their gut exhibited an obstruction
in the production of SCFA, which had a negative impact on the generation of Treg
cells. However, when the mice were supplemented with SCFAs or introduced with
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commensal microbes there was an improvement in the formation of Treg cells
(Furusawa et al. 2013). This clears that the metabolic byproducts released by the gut
microbiome play an essential role in the homeostasis of Treg cells.

In the same aspect, studies were conducted to identify the role of gut microbes in
production and maintenance of the effector T cells. An important class of T helper
cells is Th17 distinguished by the release of interleukins (IL)—17A, 17F, 21, and
22. These IL act as a powerful proinflammatory marker and eliciting potent action
upon inflammation. They actively involved in the production of tumor necrosis fac-
tor (TNF)-a and IL-1f. A study involving gut microbes-free germ-free mice exhib-
ited a deficit of Th1 and Th17 cell, which upon reconstitution of the microbes got
reversed showing the importance of the gut microbiome in the maintenance of the
immune cells (Ivanov et al. 2008).

Immune system alteration is also evident with age related gut microbe changes.
One important immune system surveillance found in intestinal region is mediated
by Peyer’s patches. This unique type of cells are found throughout the small intes-
tines and sometimes also in large intestines. They are small lymphatic nodes found
in the intestine made of microfold cells (M cells) (Chan et al. 2020). The elderly
individuals show drop in the count of Mcells in the Peyer’s patch that resulted in
reduced expression of the expression of ZO-1 (zonula occludens-1), JAMs
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(junctional adhesion molecules), and occludins thus gradually reading to loss of
tight junction intestinal epithelial cells and gut leakage (Chan et al. 2020). Gut
microbiome secretes various metabolites that play vital role in boosting the immune
system. Fermentation of polysaccharides by Bacteroides leads to the production of
SCFAs such as acetate and propionate, while thick-walled fungi produce butyrate.
These SCFAs is essential in supporting integrity and functionality of the intestinal
epithelium. The role of butyrate and propionate is to regulate and maintain a harmo-
nious physiology and immune reactions within the intestinal tract, whereas the
acetate serves as a substrate for lipogenesis and gluconeogenesis (Macfarlane and
Macfarlane 2011). Gut bacteria produce and release polyamines, derived from argi-
nine, which can inhibit LPS (lipopolysaccharides) induced release of cytokines and
macrophages. Additionally, both primary and secondary bile acids have an impact
on the pro-inflammatory cytokines levels, phagocytic cells, dendritic cells, and
Kupfter cells. Taurine a naturally occurring protein found in fish and meat aids in
the breakdown of primary bile acids by the gut microbiota, is essential in maintain-
ing and enhancing the activity of the epithelial barrier by promoting the production
of IL-18 (Kaplanski 2018). Furthermore, the gut microbiota helps to limit the popu-
lation of T-follicular helper (Tfh) cells residing in Peyer’s patch, in turn reducing the
release of bacteria-specific IgA by B-cells across the epithelial cells lining intestine
(Faas et al. 2017). Bacteroides fragilis secretes a substance called Polysaccharide A
(PSA) that exhibits a potent anti-inflammatory impact. It achieves this by stimulat-
ing the release of IL-10 from CD4+ T cells and altering the balance between TH1
and TH2 cells in favor of TH1 (Postler and Ghosh 2017).

Alterations in the gut microbiota can contribute to an upregulation of pro-
inflammatory factors, leading to chronic inflammation associated with aging. One
example is the enhanced permeability of the intestinal mucosa due to insufficient
production of short-chain fatty acids (SCFAs). This increased permeability allows
intestinal bacteria to translocate into the bloodstream. Another study says that use of
antibiotics prior to the cancer treatment with immune checkpoint inhibiters (ICI)
showed a decrease in the efficacy of ICI during cancer treatment (Pinato et al. 2019).
A loss in the equilibrium of gut microbes is the main underlying reason affecting
various treatment strategies in cancer. Gut microbiota is found to influence the mat-
uration of lymphoid cells and myeloid cells (Thaiss et al. 2016; Zhang et al. 2015).

6.5 Interlink Between Age-Related Alterations in Gut
and Cellular Senescence

Intestines are majorly made of two types of cells namely epithelial and subepithelial
fibroblasts which act as a shield to protect the underlying tissues from various det-
rimental factors. However, as people age, their intestinal tissues gradually develop a
chronic SASP and SCs. IECs’ ability of IECs to serve as barriers may be compro-
mised by upsetting their regular operations. Consequently, it may result in greater
gut permeability and a higher risk of infection and inflammation (Sharma 2022). As
we age, our gut flora constantly changes and evolves. There are a number of findings
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suggesting that changes in gut microbiome are strongly associated with aging.
There are a number of factors that affect the microbial growth namely vaginal infec-
tions that could alter the mother’s uterine area, transfer of mother’s microbes to the
growing fetus, type of delivery undergone by the pregnant ladies also has an impact
on the initial inoculum of fetus, breast milk fed or supplementary fed fetus show
changes in the microbe composition, and others including hereditary, diet, environ-
mental exposure and use of antibiotic can affect the gut microbiome formation
(Tamburini et al. 2016). Moreover, variations in the composition of microbes in the
gastrointestinal tract are observed upon aging. For example, one study found that
aged people had increased concentrations of Bacteroidetes and Firmicutes (Galkin
et al. 2020).

The consumption of alcohol, antibiotics, probiotics, and dietary habits has all
been linked to aging of the gut microbiota. In aged mice, the gene expression of
oxidative stress and senescence markers were elevated (Moorefield et al. 2017) in
intestinal stem cells. Furthermore, exposure to radiation led to premature cellular
senescence and the development of a SASP in intestinal stem cells in live animals
(Kumar et al. 2019). A recent study revealed that the presence of SCs expressing
pl6Inkada and p21 increases with age in different organs of the human body, includ-
ing the tissues of the colon. This finding indicates that docking of SCs in host intes-
tines is directly associated with the aging (Idda et al. 2020). A study found that the
epithelial cells of intestine displayed significant signs of senescence, as indicated by
the rise in the levels of pl6Ink4a, p21Cipl, and increased activity of SA-p-gal, in
both normal mice and a mouse model with accelerated aging (Erccl—/A)
(Yousefzadeh et al. 2020). In another study, increased damage to the genetic mate-
rial consequently increased the levels of senescence markers (p53/p21 WAF1), stim-
ulating regulatory molecules associated with SASP (NFkB, p38MAPK, Cox-2),
and stress markers were noted in the intestines of aged mice (Sharma et al. 2022).
These findings indicate that the intestinal tissue becomes more susceptible to spon-
taneous genotoxic stress as a result of aging. Moreover, data suggest that a consis-
tent increase in senescence markers, including SA-pgal activity and p21, in intestinal
epithelial organoids derived from aged mice on comparison with young individuals.
This indicates that the age-related upregulation of senescence markers is consis-
tently present in the organoids derived from the intestinal epithelium of older mice
(Uchida et al. 2018). The evidence clearly indicates that both intestinal epithelial
cells and stem cells undergo cellular senescence as a result of aging, leading to vari-
ous functional changes and disturbances in gastrointestinal homeostasis.
Additionally, the continuous secretion of a SASP increases a condition favorable for
inflammation and potentially promotes carcinogenesis. These effects negatively
impact gut permeability, immune activation, and the composition of the gut microbes
(Uchida et al. 2018). A study results showed that imbalanced gut microbiota can
influence the formation of SASP. Also, the study explains that alterations in the
microbial composition were due to obesity and release of byproduct bacterial colo-
nies called DCA (deoxycholic acid). This metabolite triggers formation of SASP in
stellate hepatic cells, thus creating an inflammatory microenvironment and ulti-
mately resulting in liver cancer in experimental mice model (Yoshimoto et al. 2013).
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Surprisingly, upon inhibition of DCA production or reducing gut bacteria through
antibiotic treatment effectively prevented the development of hepatocellular carci-
noma (HCC) in obese mice. This finding highlights the potential of targeting DCA
production or modulating the gut microbiota as potential strategies for preventing
HCC in individuals with obesity (Yoshimoto et al. 2013). A different investigation
on contribution of SASP in the colon was studied to find its correlation with forma-
tion colorectal cancer. The SASP activity was due to the presence of stromal-
senescent cells in the colon thus enhancing cell division, metastasis, and invasion in
colorectal cancer cell lines, by activating the signaling pathways (MAPK and PI3K)
(Guo et al. 2019). It is important to acknowledge that while cellular senescence is
generally associated with aging-related changes is also important in maintaining the
cellular homeostasis by preventing the proliferation of cancer cells. Despite the
negative aspects of cellular senescence in aging, promoting senescence in cancer
cells is often seen as a favorable approach as certain metabolic byproducts, of
microbes in the intestines, butyrate is said to have the capacity to restrict growth of
cancer cells by increasing p21, p27, and SASP regulator gene expression.
Additionally, these metabolites have the ability to suppress genotoxic factors linked
with oncogenesis (Ebert et al. 2003).

6.6 Role of Gut Microbiome in Amelioration
of Cellular Senescence

There is a growing body of evidence indicating that the gut microbiome exerts a
significant influence on our health with the diet we intake. It is conceivable that we
can enhance our well-being by manipulating our dietary choices. Through micro-
bial fermentation, the gut microbiome utilizes nutrients from our diet as fuel to
generate unique set of bioactive metabolic products, including short-chain fatty
acids (SCFAs), phenols, neurotransmitters, hormones, endotoxins, and ammonia
(Oliphant and Allen-Vercoe 2019) which then get access into bloodstream and influ-
ence various organs systems throughout the body. As it is already well known that,
the formation of SCs can be primarily by the generation of oxidative stress. And
upon the redox or antioxidant activity the accumulation of these SCs can be reduced.
In this context, upon aging there is an increase in the generation of oxidative stress
inside the host, upon providing proper diet or antioxidant supplements can help in
improving the host form oxidative damage. In this regard, gut microbiome is found
to be engaged in generation of various metabolites that are potent antioxidant and
anti-inflammatory activity (Chang et al. 2014). These metabolites thus have the
potential in managing the generation of SCs (Rossi et al. 2020). Moreover, colon
microbiota ferment complex phytomolecules, particularly polyphenols, that are not
well absorbed in the small intestine (Parkar et al. 2013). This fermentation process
results in the production of various bioactive byproducts, that exhibit versatile and
more potent action compared to the actual compound (Wang et al. 2018).

Diet has a vital part in homeostasis of microbes residing in the gut. Diet has
become a prominent factor in predicting the composition of gut bacteria, surpassing
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one’s genetic makeup. The food we consume determines the flourishing of specific
bacteria in the gut, and reciprocally, these gut bacteria assist in the process of diges-
tion (Carmody et al. 2015). In broad term, plant protein, unsaturated fats, and fiber
contribute to the promotion of a beneficial gut microbiota, whereas intake of animal
protein, saturated fats, and simple or artificial sugars in abundance have opposite
effect (Madison and Kiecolt-Glaser 2019). Current evidence indicates that there are
interconnected relationships between stress/mood, diet, and microbes that can result
in either detrimental or beneficial cycle. These complex connections between the
mind, body, humans, and bacteria shed light on both the capacity to adapt and the
development of chronic diseases.

Nutraceuticals play a major role in the removal of SCs form the host. Widely
investigated nutraceuticals in the attenuation of senescence are quercetin, oleuro-
pein aglycone (OLE), epigallocatechin gallate (EGCG), and fisetin. Quercetin, fla-
vonoid compound, is a naturally occurring phytochemical in various plants and
vegetables. It is well recognized compound for its potential antioxidant, anti-
inflammatory and immune system regulating properties. This flavonoid is actively
involved in removal of SC mediated through phosphoinositide 3-kinase pathway.
PI3K pathway is widely involved in cellular growth and survival process, thus the
regulatory properties of quercetin inhibit the PI3K pathway mediated SC growth
and induces apoptosis (Soto-Gamez and Demaria 2017). Moreover, combination
therapy of quercetin with Dasatinib, an anti-cancer drug, also showed a potent erad-
ication of SC (Chondrogianni et al. 2010). The mRNA levels of markers associated
with SCs, namely p16 and p21, as well as inflammatory markers related to SASP
(such as CXCLI, IL-1p, IL-6, MCP-1, and TNF-a), exhibited marked reduced
expression in all sections of the intestines in aged mice treated with combinational
therapy (Quercetin + Dasatinib), in comparison to aged mice treated with a placebo.
Similarly phenolic compounds OLE and EGCG have shown remarkable contribu-
tion in the deletion of SCs (Kaur et al. 2020).

Intake of probiotics and prebiotics play a major role in nourishment of gut micro-
biota (Mack 2005). Various researches are being directing probiotics as an anti-
senescent agent. A study by Sharma and Padwad, showed that probiotics influences
the microbes in gut and directly alters cellular senescence (Sharma and Padwad
2020). Recent research conducted in 2020 explains the advantages of probiotic bac-
teria Lactobacillus fermentum in amelioration of SCs of a senescence induced mice
via influencing the mTOR signaling thereby attenuating SASP factors present in
cells (Kumar et al. 2020). Another innovative approach is that the incorporation of
Probiotic bacterial with naturally occurring polyphenolic compounds resulted in a
new approach in attenuation of the SCs (Sharma and Padwad 2020). Various studies
were conducted testing the combinational administration of probiotics and bioactive
phenolic compounds. Specifically, a symbiotic formulation comprised of Triphala,
an Ayurvedic herb abundant in polyphenols, and a combination of probiotics includ-
ing Lactobacillus plantarum, Bifidobacteria longum spp. infantis, and L. fermen-
tum, exhibited remarkable effects by extending the lifespan of drosophila, with a
reduction in ROS stress, and low-level inflammation (Westfall et al. 2018).
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Furthermore, a diet abundant in dietary fibers that promote the production of
short-chain fatty acids (SCFAs) could provide additional assistance in addressing
age-related microbial dysbiosis and, consequently, restraining the senescent pheno-
type (Matt et al. 2018). An illustrative example is the use of butyrate supplementa-
tion, which has shown the capacity to counteract age-related dysbiosis of the gut
microbiota.

6.7 Conclusion

In conclusion, it is evident that a number of external and internal factors play an
important part in the modification of microbial colonies in the gut. The host and the
microbes residing within it is a complex symbiotic system that is involves a variety
of beneficial applications. However, when the symbiosis is affected, they can result
in various deleterious pathological conditions. Upon dysregulation, the gut microbi-
ome is involved in release of various metabolites that initiate cellular damage and
diseases. Cellular senescence is one such outcome of altered microbiota. The
increased inflammatory microenvironment in the gut region underlay a pathway for
cellular senescence. Senescent cells are double edged sword that is highly regu-
lated. They are crucial for maintaining cellular homeostasis, inhibiting excess cell
proliferation and induction of apoptosis. However, upon disregulation these cells
promote an inflammatory condition affecting the neighboring cells. Restoration of
the dysbiosis of gut microbiome plays an important role in the senolytic or seno-
static effect. Diet, probiotic, plant poly phenols play a vital role in restoration pro-
cess thereby deleting the senescent cells from the body. Research is ongoing to fully
elucidate the specific mechanisms by which gut microbiome dysbiosis leads to cel-
lular senescence and how various factors, such as diet and plant polyphenols, influ-
ence this process. This knowledge will pave the way for the development of targeted
interventions aimed at restoring gut microbiome balance to prevent or alleviate cel-
lular senescence-related diseases. Future research may explore personalized
approaches tailored to individual gut microbiome profiles for optimal efficacy and
minimal side effects. Additionally, investigating the long-term safety and efficacy of
these interventions remains crucial. By continuing to explore this intricate relation-
ship between the gut microbiome and cellular senescence, researchers can poten-
tially unlock novel therapeutic strategies for various age-related and chronic
diseases.
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Molecular Interplay of Oxidative Stress
and Gut Microbiome in Aging
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Abstract

Oxidative stress results from an imbalance between reactive oxygen species pro-
duction and the capacity of the organism to counteract them. These species are
reactive substances that may deteriorate lipids, proteins, and DNA, which causes
cellular malfunction and acts as etiological factors for various age-related disor-
ders, including aging. The gut microbiota contains trillions of microorganisms,
including bacteria, protozoa, viruses, and fungi, as well as their combined genetic
material, that are present in the gastrointestinal tract. These microbiomes can
also influence oxidative stress through their metabolic activities. As we age, the
gut microbiome undergoes changes in composition and diversity, which can alter
its metabolic activities and contribute to oxidative stress through mechanisms
like production of reactive oxygen species, and modulation of antioxidant
defences. For example, certain gut bacteria can produce reactive oxygen species
as a byproduct of their metabolism, while others can generate antioxidants that
neutralise them. The balance between reactive oxygen species-producing and
antioxidant-producing bacteria can shift as we age, leading to increased oxida-
tive stress. In addition, the gut microbiome can influence the host’s antioxidant
defence system by producing short-chain fatty acids and other metabolites that
can modulate gene expression and signalling pathways. One of the short-chain
fatty acids, butyrate, can result in an increase in the production of antioxidant
enzymes such as catalase and superoxide dismutase and reduce oxidative stress
in the gut and other organs. Additionally, available literature also indicates that
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oxidative stress can affect the gut microbiome by changing its structure and func-
tionality through the immune response, which in turn influences the aging pro-
cess. Oxidative byproducts can damage bacterial membranes, DNA, and proteins,
leading to microbial cell death and dysbiosis. Dysbiosis, on the other hand, might
increase oxidative stress by lowering the production of short-chain fatty acids
and other antioxidant metabolites. Overall, the molecular interaction between
oxidative stress and the gut microbiome in aging is intricate and complicated.
Further research is required to understand the mechanisms underlying these
interactions and identify strategies to promote a healthy gut microbiome and
reduce oxidative stress in the aging process.
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7.1 Introduction

Oxidative stress (OS) is a biological process that occurs when the production of
reactive oxygen species (ROS) outweighs the ability of cells to detoxify these reac-
tive species (Hajam et al. 2022). ROS can harm cellular components such as DNA,
proteins, and lipids, resulting in cellular dysfunction and even cell death. Numerous
biochemical processes produce large amounts of ROS as an unavoidable by-product,
and in some cases, such as in activated neutrophils, these free radicals are produced
to assist in the clearance of host tissue (Parker et al. 2021). They can also be pro-
duced in the body as a direct result of electromagnetic radiation from the environ-
ment (Schuermann and Mevissen 2021). A variety of tissues may sustain damage if
antioxidant defences are insufficient. It is generally accepted that OS plays a crucial
role in the aging process (Hajam et al. 2022). As we age, our bodies become less
efficient at neutralising ROS, which are byproducts of the regular metabolic pro-
cesses that take place inside cells. When all body systems are considered, the scope
of oxidative damage is enormous, and it leads to systemic damage (cardiovascular,
neural, endocrine, etc.) and becomes an etiological factor for various diseases,
including age-related disorders (Luo et al. 2020).

The gut microbiota (GMA) is a collection of microorganisms such as viruses,
protozoa, and others in the gastro intestinal tract GIT, and the gut microbiome
(GME) is the whole ecosystem, including microorganisms, their genetic material,
and environmental factors. The GMA controls several physiological processes,
including digestion, nutrition absorption, and immune system function. Thus, the
GME is vital to the host’s health and proper functioning (Heintz-Buschart and
Wilmes 2018). The microbiome of the gut is critically vital to the body’s ability to
control levels of OS. These microorganisms create metabolites, the effects of which
in the body can either be pro-oxidant or antioxidant (Shandilya et al. 2022).

Additionally, there is rising evidence to suggest that the GME may have a role in
the aging process and the development of age-related disorders (Coman and Vodnar
2020), including OS. The composition and variety of the GME shift as we get older,
with a reduction in the number of bacteria that are helpful to our health and an
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increase in the number of bacteria that could be detrimental. This shift in the GMA
is known as ‘dysbiosis’, and it has been linked to the development of age-related
disorders, particularly those connected to OS, such as cardiovascular disease, respi-
ratory disease, and neurodegenerative diseases (Cryan et al. 2019; Saint-Criq et al.
2021; Zhang et al. 2022). This is supported by the fact that there has been an increase
in the number of studies that have investigated this hypothesis. Further, studies have
indicated that therapies that target the GME, such as probiotics and prebiotics, can
help lower OS and inflammation throughout the body and exhibit a protective effect
in the aging process. Considering the association between OS and GME as age
advances, this chapter discusses the molecular interplay of the OS and the GME in
aging process.

7.2  Physiology and Biochemistry of Oxidative Stress

Free radicals are reactive oxygen and nitrogen species (RONS) that are primarily
produced endogenously; they can be found in the cytoplasm, endoplasmic reticu-
lum/microsomes, mitochondria, lysosomes, and peroxisomes (Di Meo et al. 2016).
The mitochondrion, is the predominant source of endogenous free radicals and is
responsible for the production of the vast majority of free radicals that are generated
inside the body. Free radicals are produced whenever electrons are moved across the
mitochondrial membrane in order to generate ATP. This process is necessary for life
but may be harmful if not controlled. The electrons in the electron transport chain’s
complex I or complex III, where the superoxide is generated, bind diatomic oxygen
molecules to create superoxide O2°~, which is subsequently released either within
the mitochondrial matrix or in the intermembrane space (Ashok et al. 2022). NADH
is reduced by the NADH dehydrogenase at complex I, and electron leakage from
this complex caused by flavin mononucleotide’s partial reduction can result in
ROS. Cytochrome c is reduced, and ubiquinone is oxidised at complex III. The
semiquinone anion (Q~), which can transfer electrons to O2 to produce O2*, is
produced as a byproduct of coenzyme Q renewal. As an alternative, H,O, could act
as a precursor in the Fenton reaction or in the Haber-Weiss reaction, which produces
the hydroxyl radical (OH"). Additionally, oxidative cell damage has been linked
more and more to metabolites. Among them, hydroxyalkenals and advanced glyca-
tion products (AGEs) are noteworthy (Moldogazieva et al. 2019). AGEs are created
when reducing sugars, such as glucose, interact non-enzymatically over a period of
weeks with amino groups on proteins, occasionally lipids, and DNA. The proteins
complement, fibrinogen, tubulin, myelin, collagen, and tubulin have all been dis-
covered to be targets. A number of pathologies, including the emergence of amyloid
plaques in the progression of Alzheimer’s disease and other age-related disorders
(Banerjee et al. 2021), have been linked to AGEs (Twarda-Clapa et al. 2022).
Within a cell, these radicals can be produced by either accepting or rejecting the
donation of one electron, causing them to function as either reductants or oxidants.
The reactive radical and non-radical derivatives of oxygen and nitrogen are referred
to as reactive oxygen species (ROS) and reactive nitrogen species (RNS),
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respectively. Reactive oxygen and nitrogen species, often known as RONS, are pro-
duced by all aerobic cells. RONS are crucial contributors in both the natural aging
process as well as disorders that are related with aging (Speer and McKune 2021).
In addition to its usage in the detection of harmful effects, the production of RONS
is important for a number of other processes, including signalling, the immunologi-
cal defence system, and the extraction of energy from organic molecules (Wu
et al. 2022).

7.3  Aging and Oxidative Stress

Aging is a complex process influenced by numerous factors. It is generally accepted
that the basic hallmarks of aging (Dodig et al. 2019), which include genomic insta-
bility, epigenetic changes, and loss of proteostasis, are the fundamental causes of
damage at the cellular level, which gradually accumulates over time. Because of
this, dysfunctions in nutrition sensing and mitochondrial function, as well as cellu-
lar senescence, occur. Further, when the tissue homeostatic systems are unable to
compensate for the damage, age-related functional deficits take place, which include
depleted stem cell populations and disruptions in intercellular communication.

According to aging theory, OS plays a significant role in the aging process, and
our cells become less efficient at repairing oxidative damage as we age, resulting in
an accumulation of damage over time (L6pez-Otin et al. 2023). The several hall-
marks of aging as mentioned above are greatly impacted by OS. Further, it is char-
acterised by an increasing susceptibility to disease, the functional preservation of
tissue homeostasis, and a progressive decline in the efficiency of biochemical and
physiological processes. It is a multifaceted process that is both genetically and
environmentally determined in terms of epigenetics in aging-related progressive
loss of organ and tissue function (Morris et al. 2019). The ‘free radical theory of
aging’, which was renamed the ‘oxidative stress theory of aging’ in subsequent
years, is based on the hypothesis of structural damage (Hajam et al. 2022). This
hypothesis states that age-related functional losses are caused by the buildup of
oxidative damage caused by RONS to macromolecules (lipids, DNA, and proteins).
Increased amounts of ROS are most likely to be the cause of cellular senescence,
which is a physiological process that stops cellular reproduction as a reaction to
replication-related damage. The exact mechanism that causes OS-induced aging is
still unclear. In addition to the irreversible senescence-associated secretory pheno-
types (SASP), which include the secretion of insoluble proteins and components of
the extracellular matrix (ECM), senescent cells can secrete soluble molecules (such
as interleukins, chemokines, and growth factors). RONS cause cellular senescence
by acting on various SASP components (Roger et al. 2021). These components
include regulation of the functions of mammalian target of rapamycin complexes,
production of interleukin-1, upregulation of matrix metalloproteinases, inhibition of
the FOXO (Forkhead box) protein, and controlling the p53/p21 and p16INK4a/pRB
senescence pathways.
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7.4  List of Age-Related Diseases in Oxidative
Stress Conditions

Cardiovascular disease, chronic renal disease, cancers at various sites and organs,
neurodegenerative diseases, and biliary diseases are among the numerous acute and
chronic pathological processes and are all impacted by OS, cellular senescence, and
consequently, SASP factors (Roger et al. 2021). Age-related increases in the preva-
lence of cardiovascular diseases are directly correlated with mortality rates; cardio-
vascular disease is the leading cause of death in older adults (North and Sinclair
2012). As byproducts of mitochondrial respiration, ROS are primarily produced; as
the main site of oxidative damage and a key contributor to aging, mitochondria are
a key target. Recent investigation has connected mitochondrial dysfunction to a
range of age-related illnesses, including cancer (Das et al. 2021) and neurodegen-
erative diseases (Marquez-Exposito et al. 2022).

Additionally, senescent smooth muscle cells undergo osteoblastic transdifferen-
tiation under the control of SASP, which is related to vascular calcification. Brain
tissue biopsies demonstrate elevated p16, matrix metalloproteinases, and interleu-
kin-6 levels in a variety of neurodegenerative conditions, including Alzheimer’s
disease (AD) (Gonzales et al. 2021). Cholangitis, biliary cirrhosis, osteoarthritis,
and chronic obstructive pulmonary disease all have damaging SASP profiles that
include interleukin-6, 8, and matrix metalloproteinases (Tabibian et al. 2014). In
view of the tight relationship that exists between OS, inflammation, and the aging
process, the oxidation-inflammatory hypothesis of aging has been proposed. This
theory is also known as the oxi-inflamm-aging theory (Martinez de Toda et al.
2021). According to this hypothesis, the aging process is characterised by a decline
in homeostasis that is triggered by chronic exposure to OS. This kind of stress has a
significant influence on regulatory systems, such as the neurological, endocrine, and
immunological systems. As a result of the immune system’s subsequent activation,
there is an inflammatory state, which feeds on chronic OS and inflammation to
increase age-related morbidity and mortality. Thus, it is evident from the above that
OS is an important influencer in the physiology of aging (Hajam et al. 2022).

7.5 Gut Microbiota

The GMA refers to the diverse collection of bacteria, virus, fungi, etc. that colonise
the gastrointestinal system. It is believed that there are a very large number of
microorganisms in the gastrointestinal tract (GIT), which comprises around ten
times as many bacterial cells as human cells and more than one hundred times as
much genetic material (the microbiome) as the human genome. According to a
revised estimate (Thursby and Juge 2017), the proportion of bacterial cells to human
cells is really much closer to being equal to one to one. Because the human body
contains an extremely high number of bacterial cells, it is commonly referred to as
a ‘superorganism’, which includes both the host and the microorganisms that live
inside the host. Human GME research has expanded in the last decade. New
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technologies have raised concerns about the GMA’s effects on human health and
illness. The GMA affects metabolism, immunity, and behaviour. Age, environment,
stress, nutrition, health conditions, and drug exposure modify our gut flora through-
out the entire life cycle. A number of benefits are provided to the host by the micro-
biota. These benefits are achieved by the microbiota through a variety of physiological
processes, such as improving gut integrity or reshaping the intestinal epithelium
(Sidhu and van der Poorten 2017; Schmidt et al. 2018), obtaining energy (Barko
et al. 2018), defending against pathogens, and controlling host immunity (Barko
et al. 2018; Ducarmon et al. 2019). However, the altered microbial composition
known as dysbiosis has the potential to cause these mechanisms to become dysfunc-
tional. As increasingly sophisticated approaches to profile and characterise complex
ecosystems are developed and the GMA moves towards clinical medicine (Gebrayel
et al. 2022), evidence of a function for the microbiota in a variety of disorders
affecting the intestines and other parts of the body has progressively accumulated.

7.6  Major Functions of Gut Microbiota

7.6.1 Metabolic Effects

Microbes that live in the digestive tract of mammals have the ability to degrade
polysaccharides and starches, which are inaccessible to the host owing to the host’s
restricted ability to use them as sources of nutrition. A study (Flint et al. 2012)
reviewed how changes in the metabolism of vitamins, short-chain fatty acids
(SCFAs), lipids, atherogenic compounds, cholesterol, and gases by gut microbes
can affect changes in the host’s susceptibility to various age related metabolic dis-
eases. The most common metabolites and microbial enzymes that affect the host
have been identified, despite their scope and complexity, thanks to analytical
advances. Important metabolites include bile acids, SCFAs, dopamine, tryptamine,
amino acids, histamine, vitamins, serotonin, paracresol, and phenylacetylglutamine.
Additionally, a variety of microbial metabolites can affect the activity of the hepatic
and hormonal system in addition to the way they affect the host’s metabolic path-
ways (Bull and Plummer 2014).

7.6.2 Host Protection and Anti-inflammatory or
Immunomodulatory Effects

Numerous intestinal bacteria generate antimicrobial compounds, compete with
each other for nutrients, and attach to the gut lining, inhibiting the colonisation of
pathogens. This behaviour is known as the barrier or competitive-exclusion effect.
Pathogenic bacteria can attach to the host cells of the gut wall and then enter the
epithelial cells. In studies carried out in the lab, it was discovered that nonpatho-
genic bacteria compete with bacteria that are pathogenic for these attachment sites
at the border of intestinal epithelial cells, avoiding the adherence and subsequent
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entry of infectious, invasive bacteria. The enteric microbiota may surpass patho-
genic bacteria in a resource-contesting situation because bacteria are competing for
nutrients in their immediate environment and sustain their collective habitat by
sharing and consuming all resources (Ratajczak et al. 2019; Chi et al. 2021).
Bacteriocins, which are abundant among gastrointestinal bacteria and have the abil-
ity to synthesise antimicrobial substances, are another method by which bacteria
can stop their competitors from expanding (Ghosh et al. 2022a).

Exopolysaccharides, as well as other microbially derived macromolecules, also
lessen gut inflammation. A number of microbial compounds, including SCFAs,
have anti-inflammatory properties. The absence of taxa with anti-inflammatory
activity, like Faecalibacterium prausnitzii, was a key finding in the initial findings
of altered microbiomes in the gut in people with inflammatory bowel disease. Its
anti-inflammatory properties have been associated with the peptides, bacterial
quorum-sensing molecule N-acyl homoserine lactone, and salicylic acid, produced
by this anaerobe (Ghosh et al. 2022b).

7.6.3 Neurological Effects

Gut bacteria may affect behaviour, cognition, and mood in accordance with the
proposed pathways: the enteric nervous system, the absorption of metabolites pro-
duced by bacteria into the circulation of the blood, and the regulation of immunoin-
flammatory reactions in the central nervous system (Dinan and Cryan 2017; Barrio
et al. 2022). As a result of the gut microflora’s modulatory effect on the central
nervous system, specific probiotics, also known as psychobiotics, have been devel-
oped to reduce stress (Dinan and Cryan 2017; Barrio et al. 2022). The potential
benefits of modifying the microbiome in humans for neurological and mental health
issues are still up for debate. However, cognitive impairment is very common even
in the absence of serious underlying neurological disorders such as Alzheimer’s
(Jiang et al. 2017) or Parkinson’s disease, so this research is pertinent to aging
(Jiang et al. 2017).

7.6.4 The Gut Microbiome During Biological Aging

Aging is characterised by heterogeneity. As people age, they diverge from one
another more and more. Even within the same body, different tissues deteriorate at
varying rates. Aging can be studied in a variety of ways, including ‘normal’ aging
(also called average or typical aging) (Tower 2015), pathological aging (also called
accelerated aging brought on by particular diseases) (Khaltourina et al. 2020), and
successful aging (Martin et al. 2015). Centenarians and other extremely long-lived
individuals serve as prime examples of successful aging. Despite avoiding or sur-
viving the majority of the illnesses that cause morbidity and mortality in the major-
ity of other older adults, they may still exhibit some telltale signs of aging. From
these old adults, we can learn the best aging processes. Inflammatory aging still
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occurs in nonagenarians and centenarians, but less so than in ‘normal’ older adults.
According to a study, concurrent anti-inflammatory responses counteract their pro-
inflammatory status (Franceschi et al. 2007). Thus, aging affects almost all the
physiological functions in the body, including the GME. The GME exhibits varia-
tions over the course of a person’s lifetime, and its composition has an impact on
their level of health and susceptibility to disease.

The GME is highly dynamic immediately after birth, but it gradually stabilises as
the immune system develops, liquids are weaned from the diet, and lifestyle factors
are normalised in early adulthood (Badal et al. 2020). Even though the composition
of the GME remains, if unaffected, relatively stable during early to mid-adulthood,
as a person ages, it enters a period of distinct shifts occur in the diversity and func-
tional ability. This is the case despite the fact that this composition remains rela-
tively stable during early to mid-adulthood (Renson et al. 2020). It has been shown
that the diversity as well as the composition of the GME change as a result of aging
in many different species. These species include worms (such as Caenorhabditis
elegans), flies (such as Drosophila), rats, dogs, primates, elephants, zebras, and
humans, amongst others. This could be caused by a variety of biological and envi-
ronmental factors, including immunosenescence, altered gastrointestinal tract phys-
iology, increased exposure to medications, the onset of age-related diseases, and
dietary changes associated with long-term care facilities (Renson et al. 2020). Mid-
to-late adulthood is when age-related changes in the GME start to manifest in
humans, though the precise timing of this change may vary depending on an indi-
vidual’s genetic, environmental, and lifestyle characteristics (Badal et al. 2020). In
general, aging is linked to changes in the GMA’s functional capacity, altered micro-
bial diversity, increased bacterial community uniqueness, and a decline in core
microbial genera. Importantly, there is a clear difference between studies that look
at the GME in different older populations.

Variations in geography, diet, environment, and culture, of which can have an
impact on the GME, as well as variations in the microbiome analysis methodology,
may be to blame for this variation (Wilmanski et al. 2021). Due to these discrepan-
cies in study results, it appears that it is currently impossible to determine the pre-
cise time when a person’s GME transitions into an ‘elderly’ state. However, an
aging-related drift in the GME was less common in individuals who were in poorer
health, indicating that the change in the microbiome that takes place as we age may
be advantageous for and indicative of host health. A 4-year follow-up study also
discovered a connection between a higher risk of mortality and continuing to have a
high prevalence of bacteroides or a low microbial distinctive quality (Wilmanski
et al. 2021). This study suggests that certain bacterial genera may play a significant
role in the microbiota’s ability to function as a novel lifespan marker in elderly
individuals.

The GME influences longevity in all species and is the cause of many age-related
changes, according to mounting evidence. The host and the microbiome are both
physiologically affected by aging, and host-microbiota interactions may have an
impact on aging as a whole (Bana and Cabreiro 2019). The microbiome has a sig-
nificant impact on how the immune system reacts, and dysregulation of this response
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can prolong inflammatory states (Honda and Littman 2016). Pro-inflammatory and
anti-inflammatory activities are imbalanced as a result of age-related immune sys-
tem decline (Rea et al. 2018). Age-related changes in pro-inflammatory status (also
known as ‘inflammaging’) increase the likelihood of developing chronic diseases
and disabilities, such as cardiovascular disease, metabolic disease, cancer, cognitive
decline, frailty, and mortality (Das et al. 2021). Additionally, according to another
study, the ‘gut-brain axis’ enables communication between the gut and the brain
(Basak et al. 2022) as well as the modulation of behaviour, including higher-order
cognitive functions (Socata et al. 2021; Agirman et al. 2021; Mayer et al. 2022). The
microbiome offers an intriguing viewpoint for comprehending the physical and cog-
nitive aspects of aging. Given the general decline in health, it is unclear what
‘healthy aging’ entails. The distinction between healthy and unhealthy aging is not
well understood.

7.7  Extreme Aging vs Microbial Traces

Healthy aging, which increases longevity, and biological aging, which causes physi-
ologic decline. While the GME signatures associated with increased mortality may
be detrimental, it is possible that advantageous microbes particular to or more prev-
alent in healthy, long-living people could support the health of their host. Further,
certain microbial signatures evolve as a person ages and are particularly obvious in
centenarians (people who have lived for 100 years or more). Higher concentrations
of several taxa, including Christensenellaceae and Akkermansia, which have previ-
ously been linked to health, were found in the microbiomes of the gut of centenar-
ians in a well-studied Italian cohort, suggesting they could promote health
maintenance as people age (Biagi et al. 2016; Palmas et al. 2022). Other studies
conducted at the time discovered that the Lachnospiraceae, Bacteroidaceae, and
Ruminococcaceae families suffered declines due to aging (Badal et al. 2020).
Another South Korean study found that the faecal microbiome of centenarians had
higher concentrations of Collinsella, Akkermansia, Christensenellaceae, and
Clostridium and lower concentrations of Prevotella and Faecalibacterium (Juérez-
Ferndndez et al. 2020).

This was connected to the GME’s increased predicted capacity to contribute to
the biosynthesis of different N-glycans (Koropatkin et al. 2012), glycosphingolip-
ids, and the phosphatidylinositol signalling pathway, according to a study (Kim
et al. 2019). Clinical data may highlight potential health-fostering or health-
damaging characteristics of particular bacteria, which may inspire research into
whether they may also support cognitive health during extreme aging (Badal et al.
2020; Ghosh et al. 2022b), despite the fact that many studies have reported conflict-
ing results regarding the nature of the GME and aging. It is enticing to speculate that
longevity-associated bacterial taxa may contribute to the aging host’s environment
by fostering longevity and, possibly, by shielding the host from environmental
stresses. This would encourage the extreme limits of aging in human life. Early
research on the African turquoise killifish (Nothobranchius furzeri) demonstrated
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that the GMA does indeed play a causal role in longevity. According to a few
research studies (Smith et al. 2017; Hu and Brunet 2018), transferring the GMA of
young fish to middle-aged fish resulted in an increase in both the fish’s lifespan and
their motor behaviour. This was accompanied by specific transcriptional alterations
associated with the fish’s intestinal immunity. In a mouse model of progeria, an
accelerated form of aging in which the GME is similarly changed, progeroid ani-
mals who received the faecal microbiota from wild-type mice also displayed a
noticeable increase in longevity and health span (Barcena et al. 2019). Although
whole faecal microbiota transplantation has successfully prolonged life in these ani-
mal models, it is not yet known whether it can do the same for humans. Faecal
microbiota transplantation is an example of a clinical technique that requires a lot
of work.

Further, a more successful approach to dealing with the aging microbiome may
involve using specific probiotic microbes that have been shown to have health ben-
efits as we age. According to a study (Barcena et al. 2019), administration of the
bacteria Akkermansia muciniphila alone was sufficient to have similar effects on
extending lifespan in progeroid mice. In fact, a single bacterial strain might be the
key to extending life (Grajeda-Iglesias et al. 2021; Cheng and Xie 2021). However,
other studies have demonstrated that elevated Akkermansia has a protective effect in
models of neurologic diseases (Cheng and Xie 2021) such as Parkinson’s disease,
multiple sclerosis, epilepsy, amyotrophic lateral sclerosis, and Alzheimer’s disease.
This suggests that elevated Akkermansia may have a beneficial effect on aging and
other health disorders (Dao et al. 2016; Rodrigues et al. 2022). These studies did not
evaluate whether those microbiota-targeted interventions might have an effect on
brain health in advanced age; or, some bacteria might be more harmful than helpful.
It is possible that unintended interactions among bacteria and their hosts speed up
aging because studies on germ-free mice show that they live about 17% longer than
mice that are not infected with a specific pathogen (Tazume et al. 1991). Eliminating
these age-related potentially pathogenic microbes is thus another intervention strat-
egy that may be used, perhaps through specific antibiotic use or CRISPR knockout
of particular genes or pathogens. However, the effectiveness of these tactics is cur-
rently constrained by our current understanding of what causes the bacteria to
behave pathologically, and thus further research studies are necessary.

7.8  Molecular Interplay Between Oxidative Stress and Gut
Microbiome in Aging

Growing evidence to suggest that there is a molecular interplay between OS and the
GME in the aging process (Guo et al. 2022). Several studies have shown that
changes in the GME can lead to an increase in OS, while OS can also influence the
composition and activity of the GME and ultimately influence the physiological
aging process (Brunt et al. 2019; Mossad et al. 2022; Chen et al. 2022).

One of the most important ways in which the GME can cause OS is through the
production of bacterial metabolites (Shandilya et al. 2022). These metabolites can
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have either beneficial or detrimental effects on the host, depending on the composi-
tion and concentration of the metabolite and it influences both normal healthy as
well as unhealthy aging (aging due to various pathological disorders). One example
of a bacterial metabolite that has been linked to OS is trimethylamine N-oxide
(TMAO) (Ke et al. 2018; Brunt et al. 2020). TMAO is formed by bacteria in the
stomach during the metabolic processes of choline and carnitine, both of which are
found in high quantities in red meat and other animal products. It has been shown
that those who have high levels of TMAO have an increased chance of developing
cardiovascular disease as well as other age-related illnesses (Ke et al. 2018; Brunt
et al. 2020). It has been demonstrated that TMAO increases OS through a variety of
different pathways (Ke et al. 2018; Shanmugham et al. 2023). To begin, TMAO has
the ability to activate NADPH oxidases, which are enzymes that are responsible for
the production of ROS in cells. Second, TMAO has the potential to block the anti-
oxidant enzymes SOD and catalase from performing their normal functions. Finally,
TMAO has been shown to encourage the production of advanced glycation end
products, often known as AGEs. AGEs are proteins and lipids that have been altered
by OS and are linked to a number of disorders that are connected with aging
(Chaudhuri et al. 2018; Rungratanawanich et al. 2021; Taguchi et al. 2021).

Another way in which the GME can influence OS and aging is through its effects
on the immune system (Tan et al. 2018; Ghosh et al. 2022b). It has been demon-
strated that the GME may affect immune function, and it has also been demon-
strated that changes in the GME that occur with aging can lead to an immunological
response in a dysregulated manner. Immune responses that are not well regulated
might be a contributing factor in the development of chronic inflammation, which is
a primary cause of OS. For instance, there is evidence to suggest that age-related
changes in the GME (Mariat et al. 2009) can lead to an increase in bacteria that are
pro-inflammatory, such as Firmicutes and Proteobacteria, and a reduction in bacte-
ria that are anti-inflammatory, such as Bacteroidetes. This decrease in anti-
inflammatory bacteria may contribute to the development of conditions such as
inflammatory bowel disease (Mariat et al. 2009). These alterations in the GMA have
been linked to an increase in circulating pro-inflammatory cytokines, such as inter-
leukin-6 and tumour necrosis factor-alpha, both of which can contribute to OS and
the aging process (Schirmer et al. 2016; Guo et al. 2021). It is also possible for the
bacteria in the gut to engage with immune cells located in the gut-associated lym-
phoid tissue, which can lead to the activation of immunological responses that can
contribute to inflammation and OS and impact age-related changes (Schirmer et al.
2016; Guo et al. 2021).

In addition to the impacts that the GME has on OS, there is evidence to suggest
that OS can alter the composition and activity of the GME (Dumitrescu et al. 2018;
Hu et al. 2020; Ni et al. 2022; Shandilya et al. 2022). These effects are in addition
to the effects that the GME has on OS. For instance, it has been demonstrated that
ROS have antibacterial properties, and it has also been demonstrated that high levels
of ROS can contribute to dysbiosis in the GME (Ballard and Towarnicki 2020),
which can lead to an increase in pathogenic bacteria and a reduction in helpful
bacteria.
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In addition, there is evidence to suggest that OS can boost the development of
bacteria that are known to cause inflammation, such as proteobacteria (Rizzatti et al.
2017), while simultaneously limiting the growth of bacteria that are known to cause
anti-inflammatory effects, such as bifidobacteria (Ballard and Towarnicki 2020).
This imbalance in the GMA can contribute to chronic inflammation and further
aggravate OS-induced aging.

Further, according to the findings of another study, a number of the bacteria that
dwell in the colon are capable of converting sulphide into hydrogen sulphide (H2S).
These bacteria include Fusobacterium, Escherichia, Salmonella, Klebsiella, and
Streptococcus. Intestinal epithelial cells transform H2S into thiosulfate (S2032-)
as a means of ensuring their own continued existence. When there is inflammation
in the intestinal tract, thiosulfate has the ability to undergo oxidation, which would
result in the production of tetrathionate ions (S4062—) and influence the hallmarks
of aging like genomic stability to a greater extent and thus link GME, oxidation, and
aging (Wilkie et al. 2021; Buret et al. 2022). Thus, to summarise, there are several
mechanisms that exist between the GME (Gut dysbiosis) and OS that are interlinked
and influence the process of healthy as well as unhealthy aging (Fig. 7.1).

Gut Dysbiosis
Decrease in microbiota diversity
Increase in inflammation
Decrease in immune response
Increase in metabolites

Disease predisposition

Healthy ageing
&

Unhealthy
ageing

Oxidative stress

* Imbalance in production oxygen reactive
species and antioxidant defence mechanism

Fig. 7.1 Gut dysbiosis vs OS in the aging process
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7.9 Conclusion

In conclusion, there is a complicated molecular interaction between the effects of
OS and the microbiota in the gut that occurs during the aging process. Alterations
that occur in the composition and activity of the GME as a result of aging can cause
an increase in OS, while OS itself can influence the GME’s composition and activ-
ity. It is likely that this interaction will go in both directions, with one aspect con-
tributing to the other.

To further explain the processes that underlie this interaction, additional study is
required, as is the identification of possible therapies that might control the GMA as
well as OS in order to promote healthy aging. Dietary therapies, such as the use of
prebiotics (e.g., dietary fibers) and probiotics strains that have shown promise in
reducing oxidative stress or promoting the growth of beneficial gut bacteria, as well
as pharmaceutical interventions, such as antioxidant therapy, may be included as a
category of interventions. Overall, gaining a better understanding of the molecular
interplay that occurs between OS and the GME in the aging process has the poten-
tial to lead to the development of new approaches that promote healthy aging and
prevent diseases associated with advanced age. Specific molecular pathways by
which OS and the GME interact are crucial. By investigating the potential of prebi-
otics (dietary fibres) and specific probiotic strains that have demonstrated effective-
ness in reducing OS or enhancing the growth of beneficial gut bacteria, experts can
create precise interventions to regulate both the GME and OS. Investigating the
efficacy of antioxidant therapies or drugs that target specific pathways involved in
the OS-GME interaction could hold promise for preventing or treating age-related
diseases. Tailoring interventions based on individual gut microbiome profiles for
optimal effectiveness and minimal side effects has the potential to usher in a new era
of personalized medicine. Assessing the long-term safety and efficacy of these inter-
ventions remains vital. This improved understanding has the potential to signifi-
cantly improve health and lifespan in the future.
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Abstract

The gut microbiome is now recognized as a crucial determinant of human health
and diseases, and it has been increasingly implicated in the pathogenesis of neu-
rological disorders. This complex ecosystem of microorganisms produces a
diverse range of metabolites, some of which can act as pro-inflammatory agents
and potentially disrupt neuronal activity, leading to neurological dysfunction.
This chapter focuses on the role of pro-inflammatory neurotoxins produced by
gut microorganisms and their potential contribution to the development of neu-
rological disorders. The chapter discusses the mechanisms by which these neu-
rotoxins interact with the immune system and affect neurological function, and
reviews the evidence linking dysbiosis of the gut microbiome to neurological
disorders such as Alzheimer’s disease, Parkinson’s disease, and multiple sclero-
sis. Additionally, the chapter explores the therapeutic implications of targeting
the gut microbiome and microbial-produced neurotoxins as a novel approach to
treat neurological disorders. Overall, this chapter emphasizes the crucial role of
the gut microbiome and microbial-produced neurotoxins in regulating neurologi-
cal function and suggests that targeting these pathways may lead to the develop-
ment of effective therapies for neurological disorders.
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8.1 Introduction

Microscopic living organisms, also known as microorganisms or microbes, such as
fungi viruses, and, bacteria, are present in the human body in enormous numbers,
primarily on and in the skin and intestines. Symbiotic bacteria residing in the gut pro-
vide a secure, nutrient-rich home to these microbes and offer many benefits to the
host, such as making indigestible nutrients available to the body, producing energy,
vitamins, and other essential chemicals, and forming a protective biofilm to restrict
pathogenic microbes from entering the gut tissue (Qin et al. 2010; McVey Neufeld
et al. 2016). The gut microbiome (GM), comprising 100 billion bacteria and 1000 dif-
ferent species, resides in the cecum, a pocket of the human large intestine, and pos-
sesses three million genes, which is 150 times more genetic diversity than the human
body (Cho and Blaser 2012). The GM residing in the gastrointestinal tract (GIT) plays
a critical role in the metabolism of drugs and nutrients, modulation of the immune
system, pathogen defense, and genetic variations. By carrying out various physiologi-
cal functions such as maintaining gut integrity, controlling host immune, protecting
against pathogens, generating energy, and supplying nutrients like vitamins, the GM
benefits human health in many ways (Donaldson et al. 2016). The connection between
the foetus and vaginal microbiota during birth triggers a sequence of events that cul-
minate in this symbiotic connection. The promotion of healthy growth and develop-
ment in the human body is greatly aided by gut flora (Hills Jr et al. 2019).

Research on GM has developed a highly active part of study in current years,
aided by next-generation sequencing techniques used in large-scale projects such as
the Human Microbiome Project (HMP) and the Metagenomics of the Human
Intestinal Tract (MetaHIT) project. Some types of cancer, metabolic disorders,
inflammatory bowel diseases (IBD), and even disorders of the central nervous sys-
tem (CNS) have all been linked to biomarkers found in the GM (Tirosh et al. 2016;
Forslund et al. 2015). The gut is connected to the CNS through a variety of factors,
including microbes, lymphocytes, neurotransmitters, immunological mediators,
and microbial metabolites. Growing evidence indicates that the microbiome has a
significant impact on immune and brain. However, under non-homeostatic condi-
tions, such as stress, aging, disease, or diets rich in cholesterol, these microbiotas
have the potential to transform into harmful “enterotoxigenic” microorganisms that
produce potent pro-inflammatory neurotoxins (Carroll et al. 2011).

Bacteria have released molecular species that include some of the most potent
neurotoxins known to cause inflammation. These neurotoxins can easily cross age-
ing or damaged plasma membranes and break cell-cell adhesion, which allows them
to enter the brain, central nervous system (CNS), and peripheral nervous system
(PNS). For instance, research has demonstrated that a variety of microbial
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lipoprotein glycoconjugates, such as Gram-negative bacteria-derived lipopolysac-
charide (LPS), bacterial amyloids, and recently identified small non-coding RNA
(sncRNA) microbial-derived neurotoxins, are present in the brain cells and CNS
tissues of elderly Alzheimer’s disease (AD) patients (Lukiw 2020). There is bidirec-
tional contact between the brain and gut as a result of the microbiota’s involvement
in humoral, neurological, and immunological pathogenic pathways. It is crucial to
understand that the CNS controls gut motility, secretion, mucosal immunity, and
visceral nerves, affecting the intestinal environment (Collins et al. 2012; Neunlist
et al. 2013).

Microorganisms that live in the human body, especially in the gut, are crucial for
maintaining health because they perform a number of physiological functions.
However, under certain conditions, such as stress, ageing, illness, or poor diets,
these microbes can transform into harmful enterotoxigenic microorganisms that
produce potent pro-inflammatory neurotoxins. These neurotoxins can pass through
plasma membranes and reach the brain, where they can cause inflammation and
contribute to the onset of a variety of mental illnesses, such as pain, depression,
anxiety, autism, Alzheimer’s disease, Parkinson’s disease, and stroke. The impor-
tance of the gut microbiome in the treatment of brain diseases is highlighted in this
book chapter by Zhu et al. (2020). Changes in the permeability of the blood-brain
barrier, brain vascular physiology, and brain anatomy also contribute to the develop-
ment of these disorders.

8.2 Gut Microbiome

The gut microbiome is a complex environmental factor composed of members from
the three domains of life on Earth, namely, Bacteria, Archaea, and Eukarya (Finegold
et al. 1983). Although the highest biomass is in the colon, distinct microbial com-
munities are present in the more proximal regions of the gastrointestinal tract
(Guarner and Malagelada 2003). Bacteria make up the majority of this ecosystem,
with over 90% of the identified phylotypes belonging to this group. While bacteria
have received the most research attention, there is increasing evidence that nonbac-
terial components such as viruses, fungi, Archaea, and microeukaryotes may also
play arole in health and disease (Sonnenburg and Sonnenburg 2014). Gram-positive
bacteria, including Clostridium, Eubacterium, Roseburia, and Ruminococcus, and
the Gram-negative genera Bacteroides and Prevotella, which belong to the
Bacteroidetes division, are among the most studied. Actinobacteria, such as
Bifidobacterium, Collinsella, and Atopobium, which are high GC-content Gram-
positive bacteria, are also important members of the gut microbial community
(Turroni et al. 2008; van der Waaij et al. 2005). Additionally, other members of the
human GM, although not dominant, are found in seven phyla—Spirochaetes,
Fusobacteria, Cyanobacteria, TM7, Lentisphaerae, Verrucomicrobia, and
Proteobacteria.

The process of colonization of the microbiota starts at birth and is influenced by
various factors such as the delivery method, feeding, and antibiotic use, which can
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affect the composition of the infant GM (Penders et al. 2006). During the first few
years of life, the microbiota rapidly diversifies and plays a vital role in the growth
and development of the immune system, protecting against harmful microorgan-
isms and bacterial growth (Milani et al. 2017; Roswall et al. 2021). This complex
process is affected by various factors such as host genetics, physiology, environ-
mental exposures, age, diet, and the composition and function of the microbiota. In
adults, the GM plays an essential role in controlling intestinal and systemic hor-
monal activity, altering and disposing of toxins and drugs, regulating bone density,
and enhancing intestinal barrier function (Haiser et al. 2013; Perler et al. 2023). The
GM and host maintain a symbiotic relationship through a complex network of inter-
actions that involve metabolic, immunological, and neuroendocrine system cross-
talk. Microbial metabolites produced by the GM can function as signaling molecules
that regulate the host’s neuro-immune-inflammatory axis, potentially connecting
the gut with other organ systems (Kho and Lal 2018).

8.3 Brain Role in Gut Microbiome

Despite being well protected by the blood-brain barrier (BBB), the immune-friendly
tissue system known as the central nervous system (CNS) can still experience
inflammatory reactions. According to evidence, the endocrine, neurological, meta-
bolic, and immunological systems are connected with the brain and gut microbi-
omes. Neurotransmitters, hormones, and metabolites, which can either suppress or
enhance inflammatory responses, are the primary means of communication between
the CNS and enteric nervous system (ENS). The latter can cause tissue damage,
altered synapse formation, and decreased CNS maintenance. This has been demon-
strated by various studies, such as those conducted by Silva et al. (2020) and Park
and Kim (2021). A brain microbiome, like the gut microbiome, would be made up
of a collection of microbes that live on in the brain, though they may not always be
actively procreating. In contrast, encephalopathies or brain abscesses are conditions
in which the proliferation of (typically particular) bacteria are undeniably involved.
A cerebral microbiome would undoubtedly contain orders of magnitude less bacte-
ria than the gut and would need to be maintained by either a low degree of BBB
breaching by microbes balanced by their active removal or the continued existence
of mostly inactive microbes. The brain is most likely a “dead end” habitat for any
bacteria that may exist there, even though there is evidence that the host’s gut micro-
biome has co-evolved with it (Link 2021) (Fig. 8.1).

Both intrinsic and extrinsic factors play a role in the development and maturation
of the central nervous system (CNS) in humans. In animals treated with broad-
spectrum antibiotics or in germ-free (GF) animals, studies have demonstrated that
specific microbiota can impact CNS physiology and neurochemistry. In the absence
of associated microbiota, GF mice show neurological impairments in learning,
memory, recognition, and emotional behaviors compared to control mice, with dif-
ferences observed in key neurotransmitters such as serotonin (5-HT), N-methyl-D-
aspartate (NMDA), and brain-derived neurotrophic factor (BDNF) (Smith 2015;
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Change in normal homeostasis
Abnormal pain, impaired HPA axis

Fig. 8.1 Brain-gut microbiome axis. Neuronal, hormonal, and immunological mechanisms are
involved in the two-way communication between the brain and the gut microbiome. Emotional
emotions and other variables can have an impact on the composition and diversity of the gut micro-
biome, which in turn can have an impact on brain function and behavior

Foster et al. 2017). In humans, gastrointestinal disease has been linked to neuropsy-
chiatric disorders such as anxiety, depression, and autism, indicating interaction
between the two systems. GF mice have also been shown to exhibit structural
changes in brain regions such as the hippocampus, amygdala, and prefrontal cortex,
including increased volume, dendritic hypertrophy, hypermyelination, and altered
gene expression (Hoban et al. 2016; Luczynski et al. 2016). The CNS is influenced
by the GM, which in turn affects the immune, circulatory, and nervous systems. In
addition, the GM has been linked to several other neurodevelopmental processes,
such as myelination, neurogenesis, blood-brain barrier formation and stability, and
microglial maturation and function (Ma et al. 2019).

8.4 Role of Microbiome in Gut Brain Axis (GBA)

The enteric nervous system (ENS), the autonomic nervous system (ANS), and the
hypothalamic-pituitary-adrenal (HPA) axis are all connected via a communication
pathway called the gut-brain axis. It implies that there is a physiological link
between the brain and the gastrointestinal system that is essential for preserving
emotional and cognitive functions and fostering gastrointestinal equilibrium (Rhee
et al. 2009; Cryan and O’Mahony 2011). Recent research has focused on the GM’s
impact on the gut-brain axis, and the term “microbiota-gut-brain axis” has emerged,
emphasizing the role of the microbiome in controlling communication between the
gut and the brain. This connection has been linked to various psychiatric, neurologi-
cal, and immunological disorders. Moreover, the GM’s function and significance
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have broadened the scope of the gut-brain axis. The afferent and efferent neural
impulses that link the gut-brain axis are driven by both the parasympathetic and
sympathetic branches of the ANS. Additionally, the microbiota-gut-brain axis has
been suggested to affect human behavior and the pathophysiology of psychiatric
disorders (Foster and McVey Neufeld 2013; Cryan et al. 2020).

The gut microbiome can modulate CNS signaling through various pathways,
including the biotransformation of neurotoxicants by gut bacteria, altered produc-
tion of neuroactive microbial metabolites in response to environmental stressors,
and bidirectional communication within the gut-brain axis to regulate intestinal bar-
rier integrity and mucosal immune function (Dempsey et al. 2019). These microbial
metabolites can enter the bloodstream and impact gene expression in the CNS, thus
modulating processes such as neuroinflammation, cell survival, or cell death. The
ENS and enteric immune system also contribute to the preservation of gut flora, as
well as the regulation of macrophages and their interaction with mucosal and extrin-
sic nerve fibers (Gabanyi et al. 2016). Some gut bacteria can de-glucuronidate cat-
echolamines, which may impact leukocytes in the gut (Asano et al. 2012; Yoo and
Mazmanian 2017). The ENS also regulates gut permeability and integrity through
receptors such as mechanoreceptors, intrinsic primary afferent neurons, and tension
receptors, which respond to various stimuli. Moreover, substances produced by gut
bacteria, including short-chain fatty acids, can activate receptors in neurons that
control gastrointestinal motility (Cherbut et al. 1998).

The hypothalamic-pituitary-adrenal (HPA) axis controls the release of cortisol
from the adrenal gland when the body is under stress. As it controls GI activities,
communicates with the brain and other metabolic organs, and serves as a target of
brain-to-gut communication, the gut microbiome is essential for bidirectional com-
munication between the gut and other parts of the body (Carabotti et al. 2015; Fu
and Cui 2017; Sharon et al. 2016; Skonieczna-Zydecka etal. 2018; Zhu et al. 2017).

8.5 Microbiota in Inmune Homeostasis

The growth and operation of the mammalian immune system are significantly influ-
enced by the microbiota in the gut. This mutually beneficial interaction between the
immune system and the microbiota controls the host’s homeostasis and encourages
tissue survival and regeneration. T cells and B cells are important immune cells that
support the integrity of the gut mucosa barrier and inhibit immune responses to
innocuous antigens in order to preserve immunological homeostasis (Westerberg
et al. 2008). However, dysbiosis, a GM imbalance, can cause both local and sys-
temic T cell dysfunction, which can result in a number of immunological disorders.
As a result, creating therapeutic options for treating inflammatory illnesses and
enhancing cancer immunotherapy may be aided by understanding the processes that
distinguish between pathogenic and homeostatic microbiota-host interactions
(Honda and Littman 2016).

The innate and adaptive immune systems can be influenced by particular bacteria
that live in particular niches in the gut, which can have systemic effects that are
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frequently far from the site of colonization. For instance, segmented filamentous
bacteria (SFB) can lead to autoimmune arthritis in mice and trigger the development
of T helper 17 (TH17) cells in the small intestine. The regulatory T (Treg) cells
produced by some Bifidobacterium species can have systemic anti-inflammatory
effects, and some Bifidobacterium species can boost the T-cell-dependent anti-
tumor efficacy by blocking the PD-1 pathway (Kau et al. 2015; Sivan et al. 2015).

The passage of bacterial products through the birth canal and subsequent con-
sumption of maternal milk expose the immune system to them for the first time.
Given the lack of viable germs and the likelihood of placental sample contamination
at birth, controversial research has suggested the possibility of in utero exposure to
microbes. However, this is likely restricted to microbial metabolites or bacterial
DNA. These early interactions are crucial for determining how the mucosal and
systemic immune systems will function as adults. The development of immune tol-
erance in early life may be influenced by various factors such as the immature
immune system and the regulatory environment during growth and development.
Toll-like receptors (TLRs), which are innate immune receptors that recognize
microbial patterns, play a crucial role in the differential recognition of commensal
and pathogenic microbes. They are also essential for the proper development of the
intestinal mucosal immune system, which is critical for recognizing important
microbial pathogens that can affect infants, such as group B streptococcus, Listeria
monocytogenes, and respiratory syncytial virus (RSV) (Roubalova et al. 2020)
(Fig. 8.2).

TLR-mediated cytokine production by mononuclear cells in vitro reported lower
levels of interferon (IFN)-a, IFN-y, and interleukin (IL)-12 subunit p70 (IL-12-p70)
expression in newborn cells compared to adult cells, but these levels rise between
birth and 1-2 years of age (PrabhuDas et al. 2011; Theis et al. 2019). Antigens from
the typical intestinal microbiota trigger TLR signal through preventing direct epi-
thelial damage, protecting the epithelial barrier, and inhibiting inflammatory
responses, suggesting a significant role in maintaining intestinal homeostasis.
Moreover, inflammasomes are created when nucleotide oligomerization domain
(Nod)-like receptors (NLRs) recognize various chemicals that are unique to particu-
lar microbes. These molecules can serve as sensors for the molecular patterns asso-
ciated with microbes (MAMPs). NLR insufficiency is linked to behavior problems
and changes in immune response (PrabhuDas et al. 2011; Pusceddu et al. 2019). The
colonization of the GI tract by the early-life microbiota affects how T cell popula-
tions develop into different T helper cell (Th) subtypes, such as Th1, Th2, and Th17
or regulatory T cells (Tregs) (Ivanov et al. 2009). As an instance, germ-free (GF)
mice have decreased Th1/Th2 ratios with a bias towards Th2 responses, absence of
Th17 cells, and less Treg cell induction. By the bacterial product polysaccharide
A-dependent route, Bacteroides fragilis colonization restored the establishment of
the Th1-associated immune response. Furthermore, B. fragilis inhibited Th17 devel-
opment by TLR-2 and increased Treg accumulation (Round et al. 2011; Fung et al.
2017). But still, under non-homeostatic circumstances, with stress, with ageing and
disease, or with diets high in fat, these same bacteria have the potential of evolving
into fatal “enterotoxigenic” microbes that create some of the most potent
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Fig. 8.2 Diagram of the intricate interplay between the immune system, GM, and nervous system
in the Gut-Brain axis. The vast majority of the bacteria that make up the GM are found in the gut.
Physical barriers that keep dangerous substances out of the bloodstream include the gut epithe-
lium. Immune cells such as T cells, B cells, macrophages, and dendritic cells are all present in the
gut-associated lymphoid tissue (GALT), which helps to keep the immune system in balance. The
makeup and diversity of the microbial population are impacted by the GALT’s interactions with
the GM. Through a number of channels, including the vagus nerve, neurotransmitters, and immune
cells, the gut and brain are able to communicate with one another. Dysbiosis, a disorder of the GM
balance, can damage the gut-brain axis and cause inflammatory reactions, oxidative stress, and
neuroinflammation

pro-inflammatory neurotoxins. It is now more well studied that the metabolic and
neuro-immune systems can be affected by neurotoxins produced by GI-tract resi-
dent microbes in both health and disease (Foster et al. 2016; Allaband et al. 2019;
Rutsch et al. 2020).

8.6 Gut Microbiome-Derived Neurotoxins

Many bacteria produce toxins, which are strong chemicals, to engage in interactions
with their hosts. These microbial toxins damage host tissues and impair the immune
system, which aids in the spread of disease and infection. For instance, gram-
negative bacteria create lipopolysaccharides (LPS) or lipooligosaccharides (LOS),
both of which are endotoxins. The botulinum toxin, which is mostly produced by
Clostridium botulinum and less frequently by other Clostridium species, is the
deadliest toxin known to man (Kessler and Benecke 1997). The targeted action of
the clostridial neurotoxins on neuronal cells results in neurological diseases with
distinct symptoms. It might also carry out a number of additional tasks and be able
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to distinguish between various cell types, including brain cells. The enteric nervous
system is the only organ that these enterotoxins exclusively affect. For instance,
they might excite afferent neurons or trigger the release of neurotransmitters from
enterochromaffin cells, which either causes vomiting, exacerbates diarrhoea, or
starts an inflammatory reaction in the colon. Moreover, some toxins have the poten-
tial to penetrate the blood-brain barrier and specifically target a particular neuron
(Popoff and Poulain 2010). Many neurotoxins block the flow of nerve impulses.
They inhibit or impair cholinergic receptor, acetylcholinesterase, or ion channel
activity directly binding to them. They particularly bind to ion channels at the pre-
synaptic level to perform their function. As a result, the permeability of the neuronal
plasma membrane to specific ions is significantly altered. This effectively inhibits
neuroexocytosis and inhibits the transmission of nerve signals (Montecucco and
Schiavo 1995) (Table 8.1).

Neurotoxins are classified into two forms based on their mode of action: presyn-
aptic and postsynaptic. Presynaptic neurotoxins stimulate the release of neuromod-
ulators by affecting nerve ending plasmatic membranes and producing interterminal
signals, resulting in neuromuscular blockade by preventing the release of acetylcho-
line. On the other hand, postsynaptic neurotoxins bind to the nicotinic acetylcholine
receptor, leading to asphyxiation-related mortality. The gut-residing microbiota is
known to produce various neurotoxins, such as BF-LPS and BFT fragilysin from
Bacteroides fragilis, which can disrupt barriers and promote inflammation (Choi
et al. 2016). The biggest family of gram-negative obligate bacteria in the human GI
tract, the Bacteroidetes, release a complex mixture of amyloids, lipopolysaccha-
rides (LPSs), enterotoxins, neurotoxins, and short non-coding RNAs (sncRNA)
(Kim 2017). The structure and integrity of the GI tract and blood-brain barrier, as
well as the homeostasis and equilibrium of the systemic, central nervous system
(CNS), and peripheral nervous system (PNS), as well as the development of inflam-
matory degeneration within the human nervous system, are just a few examples of
how these exudates from the microbiome can negatively impact microbiome-host
interactions (Lukiw et al. 2021).

The toxin fragilysin produced by Bacteroides fragilis has been found to increase
the permeability of the intestinal epithelium by rupturing the tight junctions between
epithelial cells and inducing inflammatory signaling in human brain cells (Sears
et al. 2014). When combined with exudates from other anaerobic microbes, these
toxins can pass the blood-brain and GI tract barriers to trigger proinflammatory
responses in the central nervous system. This might eventually give rise to NF-xB
signaling, vascular permeability, immunogenicity, and reactive oxygen species gen-
eration. Further, these neuropathogenic signals can encourage the aggregation of
amyloid and inflammation that are present in age-related neurologic disorders such
as Alzheimer’s disease (AD) and other conditions that have deficient amyloid beta
42 (AP42) peptide clearance pathways and increasing amyloidogenesis. The major-
ity of localized cranial abscesses are also brought on by B. fragilis-derived toxins
(Troletti et al. 2016). The GI tract’s microbial sources of amyloid, LPS, and other
endotoxins are a significant element of the human microbiome and can influence the
load of amyloid in the CNS and systemically in each of these compartments. The GI



170

M. Prasad et al.

Table 8.1 Possible associations between neurological diseases, neurotoxins produced by GM

S. Potential links to
no |GM Neurotoxin neurological diseases Reference
1 | Bacteroides fragilis | Polysaccharide A Improvements in ASD Hsiao et al.
(PSA) symptoms in mouse (2013); Hsiao
models, possible (2018)
reduction in
neuroinflammation
2 | Escherichia coli Lipopolysaccharides | Increased inflammation | Zhao et al.
(LPS) and oxidative stress, (2019); Kim
potential role in AD and | et al. (2018)
PD
3 | Clostridium Toxin A and B Possible links to Sadowsky
difficile cognitive impairment (2016); De
and dementia in elderly | Wolfe et al.
patients (2018)
4 | Prevotella spp. Proteolytic enzymes Increased blood-brain Erny et al.

barrier permeability,
potential role in

(2015); Kelly
et al. (2017)

neurodegenerative
diseases

5 | Fusobacterium Lipopolysaccharides | Possible links to Bhattacharjee

nucleatum (LPS) and adhesins neuroinflammation and and Lukiw
AD (2013)

6 | Enterobacteriaceae | Amyloid proteins Possible role in AD Jiang et al.
pathogenesis (2017)

7 | Clostridium Botulinum toxin Botulism Hill et al.

botulinum (2013)
8 | Clostridium tetani | Tetanospasmin Tetanus Brin (2015)
9 | Vibrio cholerae Cholera toxin Guillain-Barré syndrome | Kim et al.
(2017)

10 | Escherichia coli Shiga toxin Hemolytic uremic Garg et al.
syndrome (HUS), (2003)
encephalopathy

11 | Streptococcus Pneumolysin Meningitis, encephalitis, | Yarandi et al.

pneumoniae stroke (2016)

12 | Bacillus cereus Cereulide Cereulide-induced Zorzoli et al.
neurological syndrome (2017)

13 | Staphylococcus Staphylococcal Toxic shock syndrome, | Zinkevich and

aureus enterotoxin staphylococcal enteritis | Beech (2018)

tract and blood-brain barriers grow more permeable with age, which may increase
the contribution of harmful, proinflammatory chemicals from the GI tract microbi-

ota (Lukiw 2016).
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8.7  Gut Microbiome and Neurological Disorders

The GM is capable of detecting and regulate signaling in the central nervous system
(CNS) using a number of different methods. The transformation of neurotoxins by
intestinal bacteria, modifications in the synthesis of microbial metabolites brought
on by environmental stressors, bidirectional communication between the gut and
the brain system, and control of mucosal immune function are a few examples of
these. Microbial metabolites can enter the bloodstream and alter how genes are
expressed in the central nervous system (CNS), which can have an impact on pro-
cesses like neuroinflammation, cell survival, and cell death (Dempsey et al. 2019).
Consequently, a problem with the GM may have an adverse effect on the body as a
whole and aid in the development or beginning of specific illnesses or ailments,
particularly those that influence neurological function. Given that the microbiota
can affect CNS function through various immunological pathways, including
NF-kB, IFN-I, and inflammasome (Ma et al. 2019), there may be a link between the
development of neurological disorders and the microbiota.

8.8 Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurological condition that worsens with time and
typically affects the elderly. It causes memory loss and cognitive decline. Memory
loss and poor cognition are symptoms of the condition, which is characterized by
the buildup of atypical amyloid beta (A) and tau protein (t-protein) in the interstitial
space of the brain tissue (Hu et al. 2016). Language problems, confusion, mood
swings, motivational loss, and difficulty managing self-care are some of the symp-
toms of AD that can get severe over time. According to research, microbial diseases
such Chlamydia pneumonia, fungal infections, and spirochaetes may alter the spe-
cies composition of the GM and raise levels of pro-inflammatory cytokines
(Querfurth and LaFerla 2010; Fiilop et al. 2018). Bairamian et al. (2022) suggest
that the presence of pro-inflammatory bacteria, such as Escherichia coli and
Shigella, and anti-inflammatory bacteria, such as Escherichia coli, can dysregulate
the microbiota, leading to neurodegeneration in individuals with cognitive impair-
ment and brain amyloidosis. This dysbiosis can also result in imbalances in the GM
and increased permeability of the gut and blood-brain barrier (BBB), which may
impact the development of Alzheimer’s disease (AD) and other neurological condi-
tions. Additionally, the gut microbiome can produce a significant amount of LPSs
and amyloids, which can disrupt signaling pathways and promote the release of
pro-inflammatory cytokines that may contribute to the onset of AD (Jiang et al. 2017).

Studies have suggested that neuroinflammation and inhibition of Ap clearance
by activated microglia may contribute to the pathogenesis of AD. Downregulation
of synapsin I and PSD-95 expression and upregulation of Ap-peptide, Tau protein,
COX-2, and CD11b deposition have been observed in transgenic mice models of
AD (Cai et al. 2014; Sun et al. 2019). Alterations in the GM of AD patients have
also been identified, with decreased abundance of butyrate-producing bacteria and
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increased levels of taxa associated with neurological disorders and inflammation.
Furthermore, AD patients have been found to have dysregulated gut homeostasis
and reduced anti-inflammatory p-glycoprotein in vitro, which is indicative of GM
dysbiosis (Honarpisheh et al. 2020). These findings suggest that the gut microbiome
may contribute to AD pathogenesis through dysbiosis-induced pro-inflammatory
signaling, and that beneficial microbial metabolites or bacteria may have potential
as AD treatments.

8.9 Multiple Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory disease that harms the central
nervous system (CNS) and is distinguished by demyelination, immune-mediated
dysfunction, and damaged axons (Doshi and Chataway 2017). There are 2.3 million
affected persons worldwide, with females being more likely to be impacted. The
symptoms of MS might include impaired vision, motor dysfunction, fatigue, numb-
ness, lack of coordination, vertigo, changes in sensation, discomfort, problems with
the bladder and bowels, and even depression (Dendrou et al. 2015). Studies have
suggested that the pathogenesis of Multiple Sclerosis (MS) involves a neuro-
inflammatory response triggered by the formation of demyelinated plaques in the
spinal cord and brain’s grey or white matter, leading to neurodegeneration and oli-
godendrocyte demyelination. CD4+ T cells have been shown to play a crucial role
in the development of MS, as demonstrated by experimental autoimmune encepha-
lomyelitis (EAE) in a mouse model. The gut microbiome may also be implicated in
the development of MS. For example, human gut colonization with Clostridium
perfringens type B has been linked to microangiopathy that disrupts the blood-brain
barrier and damages neurons and oligodendrocytes in MS patients (Lonchamp et al.
2010; Rumah et al. 2013). Several studies have found that MS patients have a higher
prevalence of antibodies against epsilon toxin in their sera compared to controls.
Additionally, MS patients’ GM have been found to have higher levels of
Methanobrevibacter archaea and lower levels of Butyricimonas, Lachnospiraceae,
and Faecalibacterium. Faecalibacterium prausnitzii, which produces butyrate, has
been shown to increase Treg cell numbers in the body. These findings suggest that
alterations in GM may be linked to the onset of MS (Machiels et al. 2014).
Bacterial extracts from MS the patients GM have been shown in in vitro investi-
gations to stimulate proinflammatory T-cell responses. Additionally, gut bacteria
from a mouse model of autoimmune encephalomyelitis were transplanted into MS
mice, worsening the condition, and demonstrating the role of the GM in the patho-
genesis of MS. Studies have shown that MS patients have higher levels of antibodies
generated in response to microorganism poisons and changes in the population of
specific gut bacteria. The ability to reverse microbial alterations and have anti-
inflammatory effects have been proven with the administration of a multi-species
probiotic including Lactobacillus, Bifidobacterium, and Streptococcus species
twice daily for 2 months (Hindson 2017). These findings highlight the critical part
that the GM plays in the pathogenesis of MS, and efforts are being made to alter the
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GM as a therapeutic strategy to reduce MS symptoms and relapse risk and perhaps
even cure the condition.

8.10 Parkinson’s Disease

Parkinson’s disease is a neurological condition that occurs due to the loss of
dopamine-producing neurons in the midbrain’s substantia nigra, leading to a defi-
ciency of dopamine. This condition affects around 7—10 million people globally and
is more common in men than women. One of the defining features of Parkinson’s
disease is the deposition of a-synuclein, a protein that can travel from the gut to the
brain via the vagus nerve. Symptoms of Parkinson’s disease include difficulty with
movement, tremors, muscle stiffness, and problems with walking and balance
(Holmgqvist et al. 2014). Additionally, patients may also experience cognitive
impairment, depression, and autonomic dysfunction. In addition to dopamine loss,
Parkinson’s disease is characterized by the buildup of insoluble polymers of
a-synuclein in the neurons, which form round, eosinophilic, cytoplasmic inclusions
called Lewy bodies. The Lewy bodies, which are insoluble aggregates of a-synuclein
protein, contribute to neurodegeneration and the death of neurons in Parkinson’s
disease (Xu and Pu 2016). There have been several studies that indicate changes in
the GM of individuals with PD, which can serve as both biomarkers of PD and a
possible trigger for the misfolding of a-synuclein, leading to neurodegeneration in
these patients. Patients with PD often experience gastrointestinal dysmotility,
including delayed gastric emptying and constipation, which are non-motor symp-
toms that are frequently observed in this condition (Hardoff et al. 2001; Noyce
etal. 2012).

Parkinson’s disease patients who also have constipation due to neurodegenera-
tion of the enteric nervous system have been found to have significant changes in
their GM composition. Studies have shown a decrease in Prevotellaceae species and
an increase in Enterobacteriaceae in their stool samples compared to healthy indi-
viduals. Animal studies have shown that short-chain fatty acids (SCFAs) can con-
tribute to neuroinflammation in the PD model, and fecal microbiota transplantation
from PD patients to mice resulted in motor impairments and neuroinflammation.
Antibiotic treatment has been found to improve behavioral symptoms in PD patients,
and microbial tyrosine decarboxylases in the gut have been shown to decrease the
levels of levodopa in the blood, a medication commonly used to manage PD symp-
toms (Scheperjans et al. 2015). High-throughput 16S rRNA sequencing of bacterial
genomes has revealed that individuals with Parkinson’s disease display lower levels
of various bacterial strains, including Prevotellacopri, Bacteroides dorei,
Ruminococcus callidus, and Christensenella minuta. These changes in GM compo-
sition can lead to inflammation in the gut, which can result in the accumulation of
a-synuclein and the formation of Lewy bodies. Additionally, Parkinson’s disease
patients with intestinal inflammation exhibit increased expression of the bacterial
endotoxin-specific ligand TLR4, CD3+ T cells, and cytokine expression in colonic
biopsies and lower levels of SCFA-producing colonic bacteria compared to
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controls. These findings suggest that alterations in the GM play a crucial role in the
pathogenesis and treatment of Parkinson’s disease (Kang et al. 2021).

8.11 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an autoimmune disease that mainly affects the joints
and is characterized by synovial inflammation and cartilage degeneration. The exact
pathophysiology of this debilitating disease is still unknown. Environmental, micro-
bial, and genetic factors, including HLADRB1, have been implicated in the devel-
opment of RA. Prevotella copri has been found in higher concentrations in
individuals at high risk for RA as well as in newly diagnosed, untreated RA patients.
Another study found a significant association between three uncommon taxa
(Eggerthella, Collinsella, and Faecalibacterium) and RA, with Collinsella being
linked to the production of the proinflammatory cytokine IL-17A (Chen et al. 2016).
RA patients in a Chinese cohort had an overabundance of Lactobacillus salivarius
and reduced levels of Haemophilus spp. in their intestinal, dental, and saliva sam-
ples. Metabolites produced by the microbiome interact with several immunological
pathways linked to RA, particularly short-chain fatty acids (SCFAs). IL1rn-/- mice
must have microbial ligands activate TLR2 and TLR4 for them to develop T cell-
mediated autoimmune arthritis. Intestinal lymphocytes respond with IL17 to dysbi-
otic microbiota from IL1rn-/- mice (Wang and Xu 2019). Additionally, genetically
susceptible mice infected with RA patient dysbiotic microbiota have an enhanced
Th17 response. Similarly, SFB injection in GF mice is sufficient to activate Th17
and cause inflammatory arthritis. Porphyromonas gingivalis, a periodontal pathobi-
ont, as well as enteric bacteria, can trigger a TLR2- and IL-1-mediated Thl7
response and exacerbate autoimmune arthritis (Zheng et al. 2020). Future research
is needed to determine the impact of RA treatment on the microbiome and the rela-
tionships between microbiome changes and potential modulation of human RA.

8.12 Autism Spectrum Disorder (ASD)

Autism Spectrum Disorder (ASD) is a multifaceted neurodevelopmental disorder
characterized by persistent impairments in social and communication skills, along
with repetitive and restrictive behaviors. The development of ASD in children has
been linked to various environmental and genetic factors, including the gut micro-
biome (Hallmayer et al. 2011). Recent studies have highlighted the potential impact
of interactions between the gut microbiome and the brain on autism (Saurman et al.
2020). Additionally, it has been observed that about 40% of individuals with ASD
experience gastrointestinal issues. Evidence suggests that the microbiome, which
colonizes the gut soon after birth, can influence mood and behavior from childhood
to adulthood. Therefore, any inflammation or impairment during this developmental
process can lead to cognitive difficulties, changes in mood and memory, and atypi-
cal behavior (Clapp et al. 2017).
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Autism Spectrum Disorder (ASD) is primarily a neurodevelopmental disorder,
but there is increasing evidence to suggest that dysbiosis plays an active role in its
development. Many individuals with ASD experience gastrointestinal problems,
and research has shown that they have altered levels of certain gut bacteria, with
decreased levels of Firmicutes, Fusobacteria, and Verrucomicrobia, but increased
levels of Bacteroidetes. Additionally, specific gut microbial species, such as seg-
mented filamentous bacteria (SFB), Bifidobacterium adolescentis, and certain
E. coli isolates during pregnancy, have been linked to an increased risk of ASD in
offspring. Intestinal CD11c+ DCs, which recognize microbial TLR3 ligands and
produce IL-1pB, IL-23, and IL-6, can induce pathogenic Th17 responses. Fecal
microbiota transplant (FMT) studies have further supported the role of the GM in
the onset of ASD (De Angelis et al. 2013; Kim et al. 2017). Therefore, it appears
that an imbalance in the GM may contribute to the development of neurological
disorders such as ASD.

8.13 Anxiety

A substantial fraction of the world’s population is affected by anxiety disorder,
which has a prevalence rate of between 3 and 25% and manifests clinically as anx-
ious symptoms. Anxiety can occur as frequently as 1.4-70% among people with
chronic diseases such cancer, cardiocerebrovascular disease, and irritable bowel
syndrome. Apprehension and fear are common emotions in people with anxiety, and
the outcomes are frequently accompanied by unpleasant physical symptoms such as
sweating and palpitations. Up to 33.7% of people may at some point in their lives
experience symptoms of anxiety. Depending on the person, the frequency, intensity,
and number of symptoms of anxiety might vary. These symptoms include muscle
tension, restlessness, weariness, and difficulties concentrating (Rynn and Brawman-
Mintzer 2004). An imbalance in the intestinal microbiota has been related to anxi-
ety, and studies have revealed that the GM can affect brain function through the
gut-brain axis. Recent studies have shown that the composition and operation of the
gut microbiome differ between people with social anxiety disorder (SAD) and
healthy controls. SAD is a common psychiatric disease. For instance, in a study that
used whole-genome shotgun sequencing to examine 49 faecal samples (31 cases
and 18 age- and sex-matched controls), changes in the composition and functional-
ity of the gut microbiome were found between SAD patients and healthy controls
(Bercik et al. 2010). While Parasutterella was more prevalent in healthy controls,
Anaeromassillibacillus and Gordonibacter genera were more prevalent in
SAD. Additionally, it was discovered that Parasutterella excrementihominis was
more common in controls than in SAD patients at the species level, but
Anaeromassilibacillus sp. An250 was more common in SAD patients (Butler et al.
2023). This work shows that the makeup and function of the GM vary between SAD
patients and healthy controls, indicating that the gut-brain axis may be a viable
treatment target and biomarker for this chronic, early-onset disease.
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8.14 Others Diseases

Emerging evidence suggests that the GM can significantly influence the develop-
ment of various neurological disorders. For instance, Huntington’s disease (HD), a
progressive neurological condition, has been linked to gut dysbiosis in animal mod-
els, with significant differences in microbial composition, particularly an increase in
Bacteroidetes and a decrease in Firmicutes. Furthermore, gut dysbiosis has been
associated with motor deficits and altered white matter plasticity in HD mice, indi-
cating the potential involvement of the gut-brain axis in the disease’s pathogenesis.
Similarly, a case study of a patient with Aicardi-Goutieres syndrome (AGS), a rare
autoimmune disease, revealed GM dysbiosis, with lower amounts of beneficial bac-
teria and higher levels of pathogenic bacteria, suggesting the involvement of the
GM in AGS development (Huo et al. 2017). Another rare neurological disorder, Rett
syndrome, has also been associated with GM dysbiosis, with reduced microbial
diversity and altered microbial composition in patients. Dysbiosis in Rett syndrome
has been linked to increased levels of potentially pathogenic bacteria and reduced
levels of beneficial bacteria that produce short-chain fatty acids, which regulate
brain function. In addition, GM dysbiosis has been linked to other neurological
disorders, such as Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis.
These findings highlight the need for further research to investigate the role of the
gut-brain axis in neurological disorders and potential therapeutic interventions
(Wasser et al. 2020; Lim et al. 2016; de Theije et al. 2011; Kong et al. 2020)
(Fig. 8.3).

8.15 Conclusion

In conclusion, there is growing evidence that neurological disorders are signifi-
cantly influenced by the gut microbiome. Increased pro-inflammatory neurotoxic
production and GM dysbiosis may be factors in the onset and progression of neuro-
logical diseases such as Alzheimer’s disease, Parkinson’s disease, and multiple scle-
rosis. The gut-brain axis facilitates communication between the gut and the central
nervous system, and imbalances in the gut microbiome may contribute to alterations
in this communication, potentially influencing the risk of neurological diseases. To
completely comprehend the intricate mechanisms behind the gut-brain axis and the
way they contribute to the aetiology of neurological diseases, more investigation is
necessary. Future research may shed light on cutting-edge treatment approaches
that prevent or treat neurological diseases by focusing on the gut microbiome.

8.16 Future Perspective

Research in the fields of the gut microbiome, pro-inflammatory neurotoxins pro-
duced by microbes, and neurological conditions holds great promise for the future.
Unraveling the specific contributions of microbial strains and their metabolites to
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Fig. 8.3 The role of the gut flora in the development of neurotoxins and neurological diseases.
The gut microbiome plays an important role for maintaining human health, and dysregulation of
the gut microbiome can cause the onset of a number of neurological disorders

the development and progression of neurological conditions (e.g., Alzheimer’s dis-
ease, Parkinson’s disease) has the potential to revolutionize treatment strategies.
These include identifying specific microbial strains and metabolic byproducts that
contribute to the onset and progression of neurological diseases, which could help
develop targeted treatments to restore gut microbiome balance and reduce the risk
of neurological diseases. Additionally, dietary interventions and probiotics have
shown promise in altering the GM and potentially preventing or treating neurologi-
cal disorders. To determine the most effective dietary and probiotic therapies for
these conditions, more research is necessary. Understanding the function of the gut-
brain axis in neurological disorders is also crucial since a disruption of this com-
munication link between the gut microbiome and the central nervous system can
lead to the development of neurological diseases. The future prospects of research
on the gut microbiome, pro-inflammatory neurotoxins produced by microbes, and
their relationship with neurological disorders appear promising. To better compre-
hend and manage neurological diseases, further investigation is needed to identify
specific microbial strains and metabolic byproducts that play a role in their onset
and progression. Developing targeted therapies that aim to restore the balance of the
gut microbiome and eliminate neurotoxins could be facilitated through this under-
standing. Research also indicates that altering the GM through dietary interventions
and probiotics may be a promising preventive and treatment approach for neuro-
logical disorders, and more studies are needed to identify the most effective thera-
pies. Additionally, research is being conducted on the potential use of faecal
microbiota transplantation (FMT) as a therapy for neurological diseases, and inno-
vative medicines targeting the gut microbiome are being developed. Overall, these
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findings offer hope for future treatments that may reduce the risk of neurological
illnesses.
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Abstract

There are over 100 trillion microflorae in the human gut which engage in multi-
ple interactions with human health during the whole life span. They influence
human physiology, nutrition, metabolism and immunity. There is a two-way con-
nection between the gut and brain known as gut-brain axis through which it influ-
ences the physiological, behavioural and cognitive functions of brain. This
research focuses on the gut-brain axis, a bidirectional communication pathway
between the gut and the brain that impacts brain function through vagus nerve
and HPA axis and the metabolites such as neurotransmitters and SCFAs. The
disruption in composition and relative abundance of gut microbiota known as
dysbiosis leads to pathogenesis of several neurological disorders such as
Alzheimer’s disease, Parkinson’s disease and autism. The individuals with neu-
rological disorders presented with altered composition of gut microbes and its
metabolites which varies from the normal individuals. This altered behaviour of
gut microbes can be influenced or changed by supplementing with a bioactive
live microorganisms known as probiotics. This study explores the potential of
manipulating gut microbiota through probiotics to improve neurological func-
tion and potentially treat these disorders.
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9.1 Introduction

The peripheral immune system serves as a vital defence mechanism safeguarding
the body against diverse threats, such as pathogens and tissue damage. Consisting
of various cell types, including leukocytes and lymphocytes, originating from hae-
matopoietic stem cells, these immune cells fulfil specific roles essential for system
functionality. Travelling through blood and lymphatic vessels, these mobile cells
actively scan the body, recognising and responding to adverse conditions by produc-
ing immune factors. The orchestrated collaboration of immune cells in executing
multicellular behaviours plays a key role in implementing recovery and repair pro-
grams, thereby alleviating the impact of adverse conditions on the body (Gruol,
2023). Brain is recognised to possess its own innate immune system, the neuroim-
mune system, working alongside the peripheral immune system to safeguard against
adverse conditions and protect brain function (Cerrato 2020). This is because there
is a no possible way for the peripheral immune system to gain access into the CNS
to elicit immune reaction. Hence, the neuroimmune system serves vital functions in
maintaining a balanced, homeostatic state crucial for normal physiology and devel-
opment of the brain (Hickman et al. 2018). However, when dysregulated due to
adverse conditions, it can contribute to negative effects on the brain. For instance,
numerous studies have been established related to the viral infection (HIV) affect-
ing the brain and counterattack by the neuroimmune system. When the body
encounters the HIV infection, the peripheral immune system takes action in the
removal of the toxic effects of that virus. However, when the infection reaches into
the CNS, there is a marked change, namely cognitive dysfunction, memory loss,
disturbed behaviour, and retardation of motor function. This is when the neural
immune system gets into action in order to remove the infection and protect the
brain from getting damaged. In response to the viral infection, microglia produce
immune factors that alter the biology of various brain cells, such as microglia, astro-
cytes, and neurons, resulting in changes in overall brain function (Garden 2002).
Traditionally, it is noted that the glial cells residing in the brain act as a primary
defence system of the brain. Within adults, the neuroimmune system primarily con-
sists of microglia and astrocytes as the main cell types along with two other glial
cell types present in the brain, namely oligodendrocytes and NG2 glia (also known
as oligodendrocyte precursor cells), contributing to the customary functions of the
neuroimmune system (Zeis et al. 2016). Microglia, functioning under physiological
conditions, regulate brain development and ageing, maintain neuronal networks,
and oversee synaptic function (Grabert et al. 2016). They play a crucial role in
homeostasis by clearing pathogens, cell debris, and abnormal proteins, while also
participating in the repair process (Grabert et al. 2016). Under adverse conditions,
dysregulated functions of microglia can contribute to pathology, despite their initial
role in combating the effects and repairing damage. Astrocytes constitute one of the
predominant cell types within the brain (Garland et al. 2022). Traditionally consid-
ered support cells, astrocytes play pivotal roles in promoting brain health by provid-
ing metabolic support, maintaining ion balance, clearing the synaptic environment,
and regulating the blood-brain barrier (Pannasch and Rouach 2013). Contemporary
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insights highlight the diverse contributions of astrocytes in establishing and sustain-
ing functional cognitive and control systems throughout both developmental and
mature stages of the brain (Pannasch and Rouach 2013).

The human gut nurses distinct variety of complex microorganisms which plays a
vital role on human health. There are more than 100 species of bacteria, 1000 kinds
of micro-organisms and 5000 strains of microbes which encode around 150 times as
human genome (Wang and Wang 2016). Based on HTS 16S rRNA study shows the
presence of 2 dominant bacterial phyla of adult gut, Firmicutes and Bacteriodetes,
and other phyla such as Actinobacteria, Proteobacteria, Verrucomicrobia and
Fusobacteria appear in lower proportions. Also, few butyrate-producing bacteria
such as Bacteroides uniformis, Roseburia intestinalis and Faecalibacterium praus-
nitzii represent to be key members of gut microbiota (Eckburg et al. 2005; Tremaroli
and Bickhed 2012; Qin et al. 2010).

The microbiota of gut performs multiple interactions with human health through-
out the life span. It has an effective influence on human well-being which functions
on physiological, immunological, nutritional and metabolic factors which can be
either beneficial or harmful (Guinane and Cotter 2013). It is evident through recent
studies that microbiota plays vital role on physiological, behaviour and cognitive
functions. One composition of gut microbiota depends on delivery mode, age, nutri-
tion, stress, infection, use of antibiotics and other factors. The normal gut microbi-
ota plays crucial roles in host functions, including nutrient and drug metabolism,
maintaining the gut mucosal barrier, immunomodulation, and defending against
pathogens (Jandhyala et al. 2015). From an immunological standpoint, microorgan-
isms are typically recognised as pathogens by the host immune system, triggering
their elimination. Despite this, a significant portion of gut bacteria is non-patho-
genic, forming a symbiotic relationship with enterocytes (Sekirov et al. 2010).
These commensals play key roles in nutrient and drug metabolism, preventing colo-
nisation by pathogenic microorganisms, and supporting the intestinal barrier func-
tion. Simultaneously, the immune system has evolved to collaborate with the healthy
microbiota while effectively combating invasive pathogenic microorganisms
(Sekirov et al. 2010). The composition and structure of the gut microbiota are influ-
enced by various factors. The reciprocal relationship exists between gut and brain
functions and psychological behaviour (Petra et al. 2015). The GI tract is regulated
by two factors, namely intrinsic and extrinsic. Intrinsic factor comprises of intesti-
nal neural system with 200-600 million neurons and is called as second brain
(Anglin et al. 2015). Hence, gut microbiota and its association with neuroimmunity
and mental well-being is an important concept which is the main focus of this review.

9.2 Gut Microbiota

Gut microbiota includes bacteria, virus, protozoa, etc. which are inhabited in the
human intestine. The bacteria present in human gut has both beneficial and deleteri-
ous effects on human health. Under symbiosis condition, there exists a balance
between good and pathogenic bacteria which leads to homeostasis. Under dysbiosis
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processes, the homeostasis is disturbed between the bacteria leading gut inflamma-
tion and invasiveness (Matamoros et al. 2013).

There are around 1000 different species of symbiotic bacteria in the gut where
Bacteroidetes and Firmicutes are two main phyla which account for major portion
in the gut. Smaller number of bacteria includes Verucomicrobia, Actinomyces,
Fusobacterium and Proteobacteria (Eckburg et al. 2005; Lay et al. 2005; Diamant
et al. 2011). However, the composition of gut microbes depends on mode of deliv-
ery, breast fed and early weaning, use of antibiotics, dietary and lifestyle factors and
environmental factors (Mayer 2011). The gut microbiota forms a symbiotic bond
with the gut mucosa, delivering substantial metabolic, immunological, and gut-pro-
tective functions in a healthy individual. Operating as an autonomous organ, the gut
microbiota draws nutrients from the host’s diet and shed epithelial cells, illustrating
robust metabolic capabilities and remarkable functional adaptability (Sonnenburg et
al. 2005). The roles of gut microbiota in normal physiology of the body are nutrient
metabolism, immune modulation, drug metabolism, and maintenance of gut integ-
rity. Dietary carbohydrates constitute the main nutrient source for the gut microbi-
ota. Colonic organisms, such as Bacteroides, Roseburia, Bifidobacterium,
Faecalibacterium, and Enterobacteria, ferment undigested carbohydrates and indi-
gestible oligosaccharides. This fermentation produces short-chain fatty acids
(SCFA), notably butyrate, propionate, and acetate, which act as plentiful energy
sources for the host (Macfarlane and Macfarlane 2003). The gut microbiota posi-
tively influences lipid metabolism by preventing the suppression of lipoprotein
lipase activity in adipocytes and enhancing lipid hydrolysis efficiency through
increased colipase expression by Bacteroides thetaiotaomicron (Hooper et al. 2001).
Synthesis of various vitamins (namely vitamin K, Vitamin B, etc.) has been seen to
be associated with gut microbiota. They are also involved in the metabolism of
polyphenols (such as flavanols, flavanones, flavan-3-ols, anthocyanidins, isofla-
vones, flavones, tannins, lignans, and chlorogenic acids), derivatives of plants and
their products (Marin et al. 2015). A mounting body of evidence underscores the
substantial role of the gut microbiota in xenobiotic metabolism, with potential
implications for shaping future therapies across diverse diseases. Research has dem-
onstrated that the gut microbial metabolite p-cresol can diminish the liver’s ability
to metabolise acetaminophen by competitively inhibiting hepatic sulfotransferases
(Clayton et al. 2009). Different microbes and its abundance in various neuroim-
mune disorders are discussed later in this chapter.

9.3 Gut-Brain Axis

There is a bidirectional route of communication that exists between the gut and
brain termed as microbiota gut-brain axis (Baj and Moro 2019). The connection
between microbes and the brain is not only through gut-brain axis but also through
endocrine, metabolic and immune systems. Few evidential studies show that gut
microbiota plays a chief role in the behaviour of brain and on cognitive develop-
ments through its products such as hormones, immune factors and metabolites, and
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by modifying these products, the microbiota may improve or also cure the diseases
of brain. The gut microbiota interacts with central nervous system through different
pathways and mechanisms such as sympathetic and parasympathetic branches of
autonomic nervous system, neuroimmune and neuroendocrine system (Rieder et al.
2017). The gut-brain axis involves critical parts of central nervous system (CNS)
along with autonomic nervous system (ANS), enteric nervous system (ENS),
hypothalamic-pituitary-adrenal (HPA) axis and immune system. The bidirectional
communication between gut and brain is through ENS in gut and ANS and vagal
nerve in the spinal cord. The direct connection between the gut, brain and spinal
cord is the vagal nerve which mediates signals for stress, satiety and mood changes
(Abdel-Hagq et al. 2019; Wang and Wang 2016).

A system of inter-kingdom communication exists between prokaryotes and
eukaryotes which is evident by synthesis of several neuro/immune active com-
pounds such as gamma aminobutyric acid (GABA), glutamate, serotonin, dopamine
and noradrenaline by both the species (Baj and Moro 2019). These neuroactive
compounds affect CNS by penetrating into blood brain barrier once it crosses gut
mucosa (Petra et al. 2016). The alterations in the secretion of these compounds have
been diagnosed in mentally ill patients (Skonieczna-Zydecka et al. 2020).

Few experimental evidence show the relationship between gut microbiota and
altered behaviour: Mice lacking intestinal and other microbiota exhibited exagger-
ated and defective response to stress which can be normalised by inducing intestinal
recolonisation. It was also demonstrated that intestinal transplant of microbiota nor-
malised the impaired behaviour of BALB/c mice (Bruce-Keller et al. 2018). Sudo
et al. (2004) found that recolonisation of Bifidobacterium infantis through stool
transplant, normalises the behavioural alterations of mice that exhibited the changes
in stress induced environment (Sudo et al. 2004).

Several studies have identified different mechanisms of gut microorganisms on
nervous system including stimulation of vagal nerve (Bonaz et al. 2018; Bravo et al.
2011), functions of stress associated hypothalamic-pituitary-adrenal (HPA) axis
(Bonaz et al. 2018), along with permeability of blood brain barrier (Braniste et al.
2014). Through studies it is evident that the glutameric pathway modulates the inter
kingdom communication both in physiological and disease conditions (Filpa et al.
2016). Glutamate is derived from dietary proteins and from Glu containing food
products and synthesised by gut bacteria (Briguglio et al. 2018). Glutamate mainly
acts as excitatory neurotransmitter in CNS and enteric nervous system (ENS) where
neurons and glial cells are involved in synthesis of amino acids (Fig. 9.1). In CNS,
spinal and vagal afferent synapse co-ordinates emotional response along gut-brain
axis which interacts with higher brain region which includes emotional motor sys-
tem along with limbic and paralimbic system (Tremaroli and Béackhed 2012; Mulak
and Bonaz 2004). The main stress axis that participates in bidirectional communica-
tion is hypothalamic-pituitary adrenal axis which releases corticotrophin releasing
factor (CRF) which in turn promotes adrenal and pituitary secretions such as adre-
nocorticotrophic hormone (ACTH). Glutamate regulates several gut and brain func-
tions via glutamate receptor activation which functions through activation either
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Fig.9.1 The schematic representation of gut microbiota metabolites and its interactions with gut-
brain axis

vagal, pelvic or splanchin afferent (Furness et al. 2014; Tremaroli and Bickhed
2012; Mulak and Bonaz 2004).

Endocrine system is also involved in gut brain signalling axis which regulates
through secretion of several hormones such as somatostatin, serotonin and ghrelin.
These endocrine components exert action on physiological and homeostasis of gas-
trointestinal tract (Skonieczna-Zydecka et al. 2020).

94 Neuroimmune Metabolites and Mental Health

Astrocytes and microglia primarily generate and release small signalling proteins,
typically within the range of 6-70 kDa, categorised as ‘cytokines.” These signalling
factors, belonging to a sizable superfamily of soluble proteins, hold significant
importance in the functions of the neuroimmune system, contributing to both
healthy and pathological states (Gruol 2023). Within the cytokine superfamilies,
one can find representatives from various groups, including chemokines, interleu-
kins (IL), interferons (IFN), colony-stimulating factors (CSF), transforming growth
factors (TGF), and tumour necrosis factors (TNF) (Dinarello 2007). The IL-1 fam-
ily includes 11 cytokines, IL-6 family consists of 8 cytokines, TNF superfamily has
19 members, IFN superfamily comprises over 20 members, the CSF family has 4
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members, and the TGF-f family includes 33 members (Gruol 2023). Despite the
identification of a considerable number of cytokines, only a relatively modest per-
centage has been observed in the brain, likely due to the neuroimmune system being
an emerging field with limited available information. This is because, only a few
immune markers from the peripheral innate system enters the CNS. In both normal
and pathological conditions, the cerebellum has been demonstrated to express major
cytokines at the mRNA or protein levels. These include IL-1p, IL-6, IL-9, IL-10,
IL-15, IL-8, TNFa, CCL2, CXCL12, CXCL14, IP-10, MIP1a, GM-CSF, and TGFf3
(Gruol 2023). Ordinarily, the quantification of neuroimmune factors in the brain is
carried out using immunoassays like enzyme-linked immunoassay (ELISAS).
ELISAs can assess the level of an individual protein, while multiplex analysis sys-
tems enable the simultaneous determination of multiple cytokine levels (Liu et
al. 2021).
The gut microbes communicate with central nervous system through vagus nerve
and different metabolites such as neurotransmitter and neurotropic factors (Rieder
et al. 2017). The gut microbiota synthesises numerous bioactive metabolites which
enter into the circulation and regulate host immune system along with activity of
some organs like brain. Persistent activation of glial cells and excessive production
of neuroimmune factors are prevalent characteristics in neurodegenerative diseases,
potentially resulting in adverse effects on both brain structure and function
(Stephenson et al. 2018). In experiments, inducing inflammation and promoting the
production of neuroimmune factors is commonly achieved by administering lipo-
polysaccharide (LPS), a bacterial toxin found in the outer membrane of gram-nega-
tive bacteria (Llorens et al. 2014). These metabolites include small chain fatty acids,
serotonin, Gamma aminobutyric acid and many more (Lucerne et al. 2021).

Since the gut microbes are able to produce the metabolites such as neurotrans-
mitter, their homeostasis can have an impact on neurodegenerative disorders.

9.5 Small Chain Fatty Acids (SCFAs)

The studies have found that there is a direct connection between microbiota derived
metabolites and human immunity. The metabolites such as small chain fatty acids
(SCFAs), butyrate, propionates and acetates which are produced during intestinal
fermentation, exhibits neuroactive properties by stimulating sympathetic and auton-
omous nervous system through G-protein receptors (Bruce-Keller et al. 2018).
SCFAs stimulates ENS to produce neuropeptides and are also permeable to blood
brain barrier which directly regulates microglial morphology and maturity (Erny
et al. 2015). SCFAs are produced through high fibre diet and they exhibit anti-
inflammatory effects on intestinal mucosa (Furusawa et al. 2013).

Butyrate is an important SCFAs as it supplies energy to enterocytes and acts as
anti-depressant which can be used in treatment of Parkinson’s and Huntington’s
disease (Laurent et al. 2013; Ferrante et al. 2003). G-protein receptors activates
butyrate which regulates homeostasis between pathogen and bacterial immune bal-
ance (Thangaraju et al. 2009). Nuclear factor kappa B and Histone deacetylase
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inhibitor (HDAC) which are responsible for anticancer action of dietary fibre is
downregulated by butyrate (Louis and Flint 2009; Fung et al. 2012). The synthesis
of neurotransmitters such as dopamine, epinephrine and norepinephrine is regulated
by butyrate which exerts its action by altering the expression tyrosine hydroxylase
gene (DeCastro et al. 2005).

Propionic acid (PPA) induces the production of pro-inflammatory cytokines and
inhibits certain cellular antioxidants such as GSH and superoxide dismutase (Wajner
et al. 2004). High dosage of PPA showed hyperactivity and abnormal motor move-
ments in mice which resembled the ASD in humans (MacFabe et al. 2007).

Inducing SCFAs may alter microbiota and therefore gut-brain axis and hence
SCFAs can be used in the treatment of neuroimmune disorders (Hahnen et al. 2008).
Few animal studies have shown that SCFAs such as omega-3 polyunsaturated fatty
acids (n-3-PUFA) and its derivatives such as docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA) which are required for proper brain and visual func-
tioning and developments and behavioural regulations (Kidd 2007) improve neuro-
logical and neuroimmune disorders by enhancing GI homeostasis (Lombardi and
De Meirleir 2018).

Studies on animal models suggest that administration of SCFAs such as sodium
butyrate and propionic acid reduces the progression of Parkinson’s and Huntington’s
diseases (Laurent et al. 2013; Ferrante et al. 2003).

9.6 Gamma Aminobutyric Acid (GABA)

GABA is an inhibitory neurotransmitter of CNS which is synthesised by the bacte-
ria such as Bifidobacteria and Lactobacilli (Barrett et al. 2012). It regulates neuro-
nal excitability and its dysfunction leads to several chronic neurological disorder
(Sun et al. 2012). GABA produced by gut microbes are permeable to blood brain
barrier and its synthesis depends on factors such as high fat food diet and exposure
to antibiotics (Takanaga et al. 2001; Shyamaladevi et al. 2002; Fujisaka et al. 2018;
Bienenstock et al. 2010). GABA shunt is the major pathway where GABA converts
to succinate to enter TCA cycle (Feehily and Karatzas 2013). GABA signalling
which is associated with depression and anxiety, mediates with gut microbiota
through vagus nerve. Later, an improvement was shown in anxiety and depression
related mood and reduced visceral pain when administered with the strains of pro-
biotics which produce GABA (Bercik etal. 2011; Bravoetal. 2011; Janik et al. 2016).

9.7 Serotonin

Serotonin is known as 5-hydroxytrytamine (5-HT) and plasma tryptophan is a pre-
cursor of 5-HT. Serotonin is a neurotransmitter which functions on both gut and
CNS and plays vital role in controlling mood and cognition (Filosa et al. 2018).
Bacteria such as Streptococcus, Candida, Enterococcus and Escherichia coli secrete
serotonin (Vitetta et al. 2014) and are also synthesised by certain specialised cells
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such as enterochromaffin cells, mesenteric neurons and mucosal mast cells (Yano
et al. 2015). Microbes such as Escherichia coli regulate serotonergic system which
is associated with the production and availability of serotonin that acts as neu-
rotransmitter of both CNS and enteric nervous system (Pistollato et al. 2016).

Of the total serotonin in the body, 90% is synthesised in the intestine and it regu-
lates various functions such as cardiac function, regulation of immune response,
platelet aggregation and regulates motor and sensory reflexes (Yano et al. 2015). It
is also involved in various physiological functions such as respiration, vasoconstric-
tion, peristalsis of GI tract, behavioural and neurological functions (Cloez-Tayarani
and Changeux 2007). Change in serotonin levels either due to tryptophan dysregu-
lation or bacterial dysbiosis leads to disorders of brain and GI tract (Clarke et al.
2013). Serum serotonin is a main biomarker of autism syndrome disorder (DeCastro
et al. 2005). Increased serotonin levels in serum showed abnormal social and repeti-
tive behaviour and non-standard communication in mice (Veenstra-VanderWeele
etal. 2012).

9.8 Dopamine

Dopamine is a neurotransmitter and a precursor of catecholamine such as adrena-
line and noradrenaline. Tyrosine is a precursor of dopamine and gut microbiota
regulates the enzymes involved in conversion of tyrosine to dopamine (Matsumoto
et al. 2017). It is produced by certain bacteria such as Bacillus and Serattia (Vitetta
et al. 2014). Dopamine plays vital role in regulating several neurological processes
such as reward and learning, motor control and cognition (Chaudhuri et al. 2006).
Hence it is called as reward-motivated behavioural neurotransmitter (Feehily and
Karatzas 2013). The decreased levels of dopamine was reported in Parkinson’s dis-
ease and it serves as biomarker of Parkinson’s disease (Goldstein et al. 2018). It was
reported that dopamine and its metabolites were associated with corresponding pro-
fusion of bacterial genus like Coprococcus which was correlated with physical and
mental behaviour (Valles-Colomer et al. 2019).

9.9 Neuroimmune Disorders and Gut Microbiota Interplay

The gut-brain axis plays a profound role in neurological diseases and disorders such
as Alzheimer’s, Parkinson’s, multiple sclerosis and Autism (Borsom et al. 2020).
The studies have confirmed that mental disorders show the existence of altered com-
position of intestinal microbiota which significantly functions through bacterial
produced neurotransmitters and neuroimmune metabolites.
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9.9.1 Alzheimer’s Disease

Alzheimer’s disease (AD) is characterised by memory loss, confusion, paranoia and
aggression in patients which was first observed by a psychiatrist and neuropatholo-
gist named Alois Alzheimer in 1906 (Hippius and Neundorfer 2003). Alzheimer’s is
a most common dementia in United States affecting 5.8 million people and is pre-
dicted to rise to 13.5 million by 2050 (Alzheimer’s Association 2020). Through
recent studies it is found out that intestinal microbiota and gut-brain axis contributes
majorly to the aetiology and pathogenesis of AD. The intestinal microbes act on
neuroinflammation in AD through synthesis of bacterial metabolites and proinflam-
matory cytokines which exerts its action on brain immune cells. These proinflam-
matory cytokines includes IL-6, IL-1f, IFN-y and TNF-a, and metabolites such as
trimethylamine N-oxide (TMAQ) and SCFA such as butyric acid and propionic acid
(Giau et al. 2018; Domingues et al. 2017; Koeth et al. 2013).

A study performed on AD patients revealed a decline in phyla Fermicutes and
raise in genus Blautia and Bacteriodetes. It was noticed that there was a positive
correlation between Bacteriodes and CSF marker, suggesting that Bacteriodes may
increase the level of neuroinflammation (Vogt et al. 2017). High load of bacteria
such as Actinobacteria, specifically Propionibacterium acnes, was seen in post mor-
tem brain of AD patient (Emery etal. 2017). Mice orally induced with Porphyromonas
gingivalis exposed increased amyloidosis which correlated with brain colonisation.
This data showing translocation of bacteria from the gut indicate that microbes are
capable of crossing both gut epithelial barrier and blood brain barrier (Dominy et al.
2019). Escherichia/Singella isolated from patients stool sample showed direct acti-
vation of pro-inflammatory condition and accumulation of amyloid-p (Borsom
et al. 2020).

A study conducted on mouse model of AD showed that the oral administration of

Bifidobacterium breve strain reversed the cognitive impairment, and other studies
on AD mice showed that gut microbiota automatically changes over the time and
promotes infiltration of brain immune cells which causes cognitive impairment,
microglial activation and A amyloidosis. Kobayashi et al. compared AD and non-
AD animal models and transcribed the hippocampus and identified 305 variably
expressed genes in AD mice which were involved in immune response. They found
that only two genes differed in both the models which were the potent genes which
determines AD associated immune response suggesting that microbes play an effec-
tive role in pathology of AD (Kobayashi et al. 2017; Wang et al. 2019).
Through these studies, it is evident that composition of gut microbes significantly
modulates pathogenesis of AD. The gut-brain axis regulates processes such as mat-
uration of brain immune cells, synthesis of metabolites such as SCFAs, production
of proinflammatory cytokines which are permeable to BBB and migrate to brain
causing neuroinflammation and eventually increasing the severity of AD related
pathologies (Borsom et al. 2020).
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9.9.2 Parkinson’s Disease

Parkinson’s disease (PD) is a second most common neuro degenerative disease
affecting around 2% of aged people of 65 years and above (Roversi et al. 2021). It
is a chronic neuro degenerative disorder caused due to loss of dopamine neurons
and under major loss of neurons, patients experience shuffling gait, corporal insta-
bility leading to loss of balance and tremors in upper or lower limbs (Vila and
Przedborski 2004). Before motor symptoms, the onset of several non-motor symp-
toms such as dementia, depression, rapid eye movement, apathy and constipation
are seen in PD patient (Chaudhuri et al. 2006; Fasano et al. 2015).

The non-motor symptoms such as constipation associated with inflammatory
bowel disease (IBD) and Crohn’s disease could be present even before 10 years in
PD patients (Zhu et al. 2022). This prolonged GI dysfunction leads to severe inflam-
mations which is evident through significant increase in inflammatory markers such
as Tumor Necrosis Factor (TNF) and several proinflammatory cytokines in PD
patients. This inflammatory cytokine profile in PD patients is very similar to the
cytokine profile in IBD patients indicating that IBD may be an early symptom for
PD (Dumitrescu et al. 2021).

PD patients showed increased number of genera such as Bifidobacterium,
Lactobacillus and Akkermansia and decreased dominant taxa such as
Faecalibacterium, Butyriciccocaceae and Ruminococcaceae, which are part of core
community of gut microbes involved in synthesis of several SCFAs including butyr-
ate and energy metabolisms (Geirnaert et al. 2014; Vacca et al. 2020).

It was reported that PD patients showed decreased level of beneficial organisms

such as Roseburia, Blaudia and coprococcus which are involved in neuronal inflam-
matory signalling and BBB permeability and integrity (Keshavarzian et al. 2015),
and increase in members of Enterobacteriaceae which are involved in gait, rigidity
and stability in PD patients (Scheperjans et al. 2015).
The deficiency of dietary fibres also leads to increased colonisation and infiltration
of opportunistic pathogens (Desai et al. 2016). Increase in Akkermansia in PD
patients also co-localises opportunistic pathogens leading to increased risk of PD
pathogenesis (Wallen et al. 2020). This shows that the dysbiosis of gut microbiota
may lead to increased risk and progression of disease. The GI dysfunction and
inflammation leading to gut dysbiosis is a major contribution for progression of a
disease.

9.9.3 Autism Spectrum Disorder

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterised
by impaired social and communicational interactions, stereotyped and repetitive
behaviour with cognitive disturbances. It is also associated with GI dysfunction
such as chronic diarrhoea and abdominal pain and discomfort (Horvath et al. 1999).

Recent studies have found out that gut microbiota plays a significant role in neu-
roimmune health and diseases which is correlated with its distinct composition in
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ASD patients than in normal individuals (Li et al. 2017). The gut microbiota inter-
acts with brain through gut-brain axis and through production of many neurotrans-
mitters such as serotonin and small chain fatty acids such as butyrate. Under gut
dysbiosis condition, certain bacterial products such as inflammatory cytokines pass
BBB and act on brain neurons contributing to the pathologies of the disease.

The report showed the abundant presence of Lactobacillus, Bacteriodes,
Cloustridium and Proteobacteria and lower levels of Blautia, Dialister, Turicibacter
and Bafidobacterium in autistic patients than compared to normal individuals (Liu
et al. 2019). Autism patients also showed the enriched presence of Bacteriodes and
Cloustridium which mainly synthesises of propionates and that may be associated
with ASD symptoms (Navarro et al. 2016; Finegold et al. 2002). A study on mice
showed that the administration of propionic acid resulted in hyperactivity, abnormal
motor movements and repetitive behaviour of mice which featured the similar activ-
ity in individuals with ASD (MacFabe et al. 2007).

A study of autistic children showed a relatively high affluence of Akkermansia,
Sarcina, Alistipes, Enterobacteriaceae and Clostridium genera and low levels of
Coprococcus, Prevotella and unclassified Veillonallaceae which contribute to
altered composition of organic compounds such as free amino acids (De Angelis
et al. 2015).

Children with ASD showed high level of Clostridium histolyticum which pro-
duces neurotoxins and contributes to aetiology of autism and a significant improve-
ment in ASD children were observed by lowering the Clostridium yields (Parracho
et al. 2005; Sandler et al. 2000).

This shows that gut microbiota plays a vital role in ASD and potential microbial
modulation therapies could be effective in treating ASD.

9.9.4 Multiple Sclerosis

Multiple Sclerosis (MS) is an autoimmune disorder characterised by chronic inflam-
mation of CNS leading progressive demyelination and deterioration of neurological
functions (Hemmer et al. 2015; Mahad et al. 2015). The survey-based study reported
that most of the MS patients experienced GI issues such as diarrhoea, faecal incon-
tinence and constipation (Levinthal et al. 2013).

It was found that the phylum Fermicutes, butyrate producing bacteria were dimin-
ished in MS patients implicating its pathogenesis. Butyrate inhibits the pro-
inflammatory pathway and protects from exposure to gut antigens (Canani et al.
2011). Anaerostipes, Lacnospiraceae and Feacalibacterium found to be reduced in
MS which produces butyrate, supresses CNS demyelination through activation of G
protein receptor and histone deacetylase (Chen et al. 2019). MS patients showed
increased abundance of Akkermansia, Bafidobacterium and Streptococcus and rela-
tively low portion of Butyricimonas, Haemophilus, Slackia, Anaerostipes,
Feacalibacterium and Bacteriodes (Miyake et al. 2015; Berer et al. 2017).
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9.10 Dysbiosis of Gut Microbiota

Dysbiosis means an alteration in relative composition and abundance of gut micro-
biota which causes dysfunctioning of neuroimmunological pathways leading to
implications of pathogenesis of several neurological and neurodegenerative disor-
ders in humans (Padhi et al. 2022). Normobiosis means the homeostasis between
microbes which enables basal physiological immune response by immune effector
site alteration in CNS. Bacterial infection which leads to microbial dysbiosis can
restrict the immunoregulatory activity of neuroglial cells which aggravates neuroin-
flammation and neurodegeneration (Braniste et al. 2014; Erny et al. 2015;
Rothhammer et al. 2016, 2018; Powell et al. 2017; Wekerle 2017).

Inflammation within the gastrointestinal (GI) tract imposes stress on the micro-
biome as cytokines and neurotransmitters are released. Concurrently, with the rise
in intestinal permeability, these molecules circulate systemically. Elevated blood
levels of cytokines such as TNF-a and MCP (monocyte chemoattractant protein)
heighten the permeability of the blood-brain barrier, amplifying the impact of mol-
ecules escaping the permeable gut. This release affects brain function, contributing
to symptoms like anxiety, depression, and memory loss (Biesmans et al. 2015).
During dysbiosis, the pathogenic microbes producing pro-inflammatory cytokines
increases and beneficial microbes which produces anti-inflammatory cytokines
decreases (Maes et al. 2019; Capuco et al. 2020). In neurological disorders, the
altered gut microbiota and its metabolites causes imbalance in nerve signalling
through gut-brain axis which provokes terrible inflammations. This shows that the
altered composition of gut microbes and its functional dysregulation leads to patho-
genesis of neuroimmune disorders (Foster and McVey Neufeld 2013). Many studies
have shown the evidence of gut microbes dysbiosis and its implications in several
neurological disorders such as Alzheimer’s and Parkinson’s disease (Padhi et al.
2022). In autistic patients, the gut dysbiosis led to intestinal permeability known as
leaky gut which resulted in secretion and spread of proinflammatory endotoxin like
Lipopolyssacharide (LPS) which modulates the CNS activity on emotions and
behaviour (Haba et al. 2012). In multiple sclerosis patients, the dysbiosis caused
reduced abundance of Butyricimonas, the butyrate synthesising bacteria. This dys-
biosis may increase the pro-inflammation of autoreactive T cells in the blood
(Matusevicius et al. 1999). The multiple sclerosis patients also showed decreased
abundance of Clostridia XIVa and IV clusters (Miyake et al. 2018). The intercon-
nection of endocrine, neural, and immune pathways is demonstrated through the
relationship between brain-derived neurotrophic factor (BDNF) mRNA in the hip-
pocampal dentate gyrus and the stress response in germ-free mice. BDNF is vital
for the development of neurons and synapses, influencing emotional and cognitive
regulation. In male germ-free mice, an elevated stress response is linked to decreased
hippocampal BDNF levels, which can be reversed by recolonisation with
Bifidobacteria species. Furthermore, Bifidobacteria influence GABA receptor
mRNA expression and decrease serum cortisol. Notably, these effects are absent
after vagotomies, emphasising the significance of the parasympathetic nervous sys-
tem in mediating the bacteria’s impact on the stress response (Cryan and Dinan 2012).
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Fig. 9.2 The schematic representation of gut microbiota involved in homeostasis and dysbiosis

Therefore, the composition of the gut microbiota regulates the homeostasis and
equilibrium between the microbes and the dysbiosis of microbes is associated with
brain dysfunctioning. It is possible to reverse the disease condition completely or
partially by creating the rebalance of disturbed composition of gut microbiota
(Fig. 9.2). This can be achieved by treating with probiotics or by developing the
microbiota-based therapies (Filosa et al. 2018).

9.11 Probiotics and Neuroimmune Interplay

Modulating the composition of the microflora provides an opportunity to enhance
immune function, maintain homeostasis, and alleviate gut inflammation (Marlow et
al., 2015). Probiotics are living microorganisms which are known to offer health
benefits when taken in required amount (Gareau et al. 2010). The increased acces-
sibility and resurgence in food trends favouring ancient food preparation techniques
may lead patients to prefer natural sources of probiotics. Recent research indicates
that incorporating fermented foods into diets does provide gastrointestinal and cog-
nitive benefits (Selhub et al., 2014). Probiotics are lactic acid producing bacteria
such as Lactobacilli, Lactococcin, Saccharomycetes and Bafidobacterium which are
capable of treating various disease in humans (Verna and Lucak 2010; Verma and
Shukla 2014; Sharma and Shukla 2016; Valsecchi et al. 2016). Probiotics regulates
composition of intestinal microbes, maintains the integrity of intestinal barrier, reg-
ulates neuroinflammatory reactions and avoids bacterial migration (Rios et al.
2017). Many studies have proved that consumption of probiotics aids in several
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Fig. 9.3 The schematic diagram depicting the relationship of gut microbiota in health and neuro-
immune disorder

health benefits by providing favourable conditions and modifications for gut micro-
biota (Fig. 9.3). Probiotics modifies the composition and functioning of the existing
gut microbes and interacts directly with the host immune system (Navarro et al.
2016). Probiotics acts through gut-brain axis and controls CNS and the behaviour
(Sampson and Mazmanian 2015). Even with the administration of multiple antide-
pressants employing various mechanisms of action, approximately 20% of patients
do not exhibit improvements in the reduction of anxiety or depressive symptoms
(Holtzheimer and Mayberg 2011). Soluble fibres like fructo-oligosaccharides and
galacto-oligosaccharides, known as prebiotics, are utilised to promote the existing
gut microbiota. Recent studies indicate that prebiotics, similar to probiotics, exhibit
anxiolytic and antidepressant effects by mitigating stress-induced alterations in the
colonic microbiota. Additionally, they contribute to the stabilisation of Bifidobacteria
and Lactobacilli populations (Burokas et al. 2017). In a recent study, it was shown
that the probiotics such as Lactobacillus farciminis inhibit permeability by recon-
structing the colonic tight junction and improve the activity of HPA axis and neuro-
inflammatory changes caused by stress (Kelly et al. 2015). The study reported that
the rat under stress supplemented with the probiotic Lactobacillus helveticus
reduced cognitive dysfunction and improved stress-induced anxiety and depression
(Liang et al. 2017). A Lactobacillus rhamnosus, a probiotic effectively enhanced
GABA activity and improved their response to stress through vagus nerve stimula-
tion (Bravo et al. 2011). Mice under stress showed improved anxiety and decreased
level of plasma inflammatory cytokines when treated with Lactobacillus plantarum
(Liu et al. 2016). The study showed that when children with ASD supplemented
with probiotics containing Lactobacillus, Streptococci and Bifidobacteria nor-
malised the ratio of Firmicutes/Bacteroidetes and the abundance of Desulfovibrio
spp. Was found to be similar in both ASD and non-autistic children indicating the
improved action of probiotics on ASD individual (Tomova et al. 2015). Numerous
studies have documented positive outcomes in individuals with chronic
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inflammation after taking probiotics, resulting in a decrease in TNF-a production
(D’Mello et al. 2015). In patients with inflammatory bowel disease, probiotics were
linked to decreased pro-inflammatory cytokine levels, improved intestinal barrier
integrity, and a reduction in the differentiation of CD4+ T cells into Th2 cells.
Additionally, there was inhibition of nuclear factor kappa B, crucial components in
the inflammatory process (Buckley et al. 2014). Probiotics play a neuroprotective
role by alleviating stress-induced synaptic dysfunction in neurons. A brief two-
week treatment resulted in a significant decrease in ACTH and corticosterone levels
in rats, indicating the suppressive effect of probiotics on the HPA axis. This suggests
that probiotics hold potential in reducing the HPA axis response to chronic stress-
ors, with the potential to prevent or reverse physiological damage (Ait-Belgnaoui et
al. 2012). Studies in both humans and animals demonstrate consistent reductions in
anxiety and depressive symptoms through probiotic interventions. In a human study
focusing on chronic stress, a three-week treatment with probiotics containing
Bifidobacteria species proved notably effective, particularly benefiting individuals
initially ranked in the bottom third of the elated/depressed scale (Benton et al. 2007).
In consideration, there are several evidence that support the beneficial effects of
probiotics on mental health and altered behaviour. The interplay between gut micro-
biota and altered behaviour can be modulated with the supplementation of certain
amount and composition of probiotics. This needs more studies to compel the effi-
cacy and limitations regarding strains, doses, treatment duration and its benefits.

9.12 Conclusion

This summarises about the gut microbiota and its effect on neuroimmune disorders
and altered behaviour. Specific findings about the gut-brain axis and neuroimmu-
nity, Investigating the potential of personalized medicine approaches based on indi-
vidual gut microbiome profiles on pathophysiology of neuroimmune disorders and
its treatment using probiotics. Future research is necessary to explore the potential
of modulatory approaches targeting the gut microbiota for broader health promotion
and disease prevention. Unraveling the complex interplay between the gut microbi-
ome and the brain holds immense promise for developing novel therapeutic strate-
gies and improving the lives of individuals with neuroimmune disorders.
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Abstract

The microbiome performs a crucial role in the development, function, and regu-
lation of the host immune system from birth to old age. In exchange, millions of
helpful microorganisms living inside of us have helped the immune system co-
evolve while developing effective defences against pathogen invasion. Age-
related major compositional and functional changes in the immune system and
gut microbiome are associated with heightened vulnerability to infectious dis-
eases and decreased immunisation responses. Recent research suggests that
addressing age-related dysbiosis may increase longevity and enhance health, in
part by lowering systemic chronic inflammation and immunosenescence. Our
knowledge of microbial colonisation, maturation, dysbiosis in health- and dis-
ease-related subgroups has improved as a result of investigations into the human
gut microbiome. There are new opportunities to use gut microorganisms as ther-
apeutic agents to treat human diseases as well as their enormous metabolic
capacity and role in maintaining human health. Microbiome treatments aim to
engineer the gut microbiome by applying native or synthetic bacteria, antibiotics,
bacteriophages, and bacteriocins in additive, subtractive, or modulatory therapy.
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The global medicines market has demonstrated its enormous economic potential.
In this review we discussed about the role of gut microbiome in ageing and their
therapeutic application.
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10.1 Introduction

The term ‘gut microbiota’, also referred to as the ‘human gastrointestinal microbi-
ota’, refers to all of the microorganisms present in human digestive tracts. There are
also reports of several microorganisms being harboured inside the gastrointestinal
tract by other species like insects. Archaea and bacteria are the main players in the
gut microbiota. According to Saxena and Sharma (2016), the term ‘human gastroin-
testinal metagenome’ refers to the compilation of all the genomes found in the gut
microbiota. Anaerobes make up nearly all of the total amount of bacteria in the gut.
However, the cecum contains a significant amount of aerobic bacteria (Sherwood
et al. 2013).

When compared to other species, the gut microbiota has a large number of dif-
ferent bacteria, just like in humans (Quigley 2013). In the body, the gut microbial
community develops 2-3 years after birth. During this stage, the gastrointestinal
musical barrier that it emits and the gut epithelium both expand. The entire patho-
genic organism is kept at bay by this development, which is tolerable to the gut flora
(Sommer and Béckhed 2013). O’Hara and Shanahan (2006) referred to the gut
microbiota as a ‘forgotten organ’. The Human Microbiome Project has been
launched with the goal of defining the function of gut flora in human physiology and
disorders (Turnbaugh et al. 2007).

Other reviews contain additional research on the interaction between the micro-
biome and the immune system and its function in health and disease. According to
a theory, the immune system and gut microbiota cooperate to generate signals that
promote immune cell maturity and the emergence of immune system reactions.
Numerous investigations into the human gut microbiota are being conducted to see
how it may affect human health (Shen and Wong 2016).

Dysbiosis, which is defined by disturbances in the gut’s microbial ecosystem,
has recently been recognised as a leading global cause of mortality and disease. It
also plays a role in a variety of age-related disorders. The majority of age-related
dysbiosis, also known as microbial ageing in humans, was characterised by a decline
in the population of Clostridiales and Bifidobacterium and an increase in
Proteobacteria. Additionally, this resulted in pathobionts such Enterobacteriaceae
becoming overpopulated (Xu et al. 2019).

According to Lopez-Otin et al. (2013), ageing is linked to a reduction in a num-
ber of physiological processes, metabolic dysregulation, and an increase in the
prevalence of non-communicable diseases and disorders. These factors, as well as
the ensuing modifications in lifestyle habits, such as a decline in the standard of
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Fig. 10.1 Impact of microbiome enhancement in maintaining of good health

eating and physical activity and an increase in medication use, have a significant
impact on the composition of the gut microbiome (DeJong et al. 2020). Recent
investigations have showed these microbiome changes could also be linked to the
risk or onset of a number of age-related diseases (Raza et al. 2019). Sarcopenia,
inflamm-aging, the steady deterioration of physiological processes, and the emer-
gence of several diseases are all characteristics of ageing. The shift in the gut micro-
biome that comes with ageing may also increase vulnerability to a number of
diseases. These changes, which are hastened by lifestyle variables including medi-
cine, limited mobility, and restricted nutrition, include a loss of commensals and an
increase in disease-associated pathobionts. Figure 10.1 represents the impact of
microbiome enhancement in maintaining of good health.

10.2 The Gut Microbiome’s Classification

According to Qin et al. (2010), the gut microbiota is thought to contain a gene con-
tent that is more than 100 times more than that of the human genome. Normal
microorganisms, opportunistic microbes, and pathogenic bacteria are the three
broad categories for the gut microbiome. The species occurring in the stomach were
not extensively investigated because of their survival restrictions. The bacteria are
not capable of being grown outside of their hosts (Sears 2005). The populations of
microorganisms differ significantly from person to person, despite the fact that only
a small number of fundamental species are shared by all individuals (Tap et al.
2009). If we focus on a single person, the microorganisms in their bodies proliferate
and remain stable throughout time, despite potential changes brought on by factors
such as ageing, nutrition, and lifestyle changes (O’Hara and Shanahan 2006).
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria are the four bacterial
phyla that are most commonly observed in the human gut (Khanna and Tosh 2014).
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According to Guarner and Malagelada (2003), the majority of bacteria belong to the
genera  Clostridium, FEubacterium, Peptococcus, Faecalibacterium, and
Ruminococcus, among many others. Other genera including Lactobacillus and
Escherichia are also present, albeit in smaller numbers (Guarner and Malagelada
2003). The species from the genus Bacteroides are significant since they make up
over 30% of the gut bacteria alone and are crucial to the host’s health (Sears 2005).

10.3 The Gut Microbiome: Its Composition, Function,
and Lifetime Evolution

The vast, intricate, and varied community of microbes that inhabit our intestines is
known as the gut microbiota. It is composed of microorganisms that evolved
together with humans, including bacteria, archaea, viruses, and some single-celled
eukaryotes. The gut microbiota is the biggest and most intense collection of micro-
organisms in the human body, with levels of 1014 cells in the colon. The so-called
‘intestinal microbiome’ is a massive genetic database of this bacteria. The human
microbiome is currently thought to contain over ten million distinct genes, making
it a significant genetic resource. It has been estimated that there are between 1000
and 1500 different bacterial species present in the human gut, with each individual
host home to about 150 different species that collectively contain more genes than
the human genome. Our second genome, the microbiome, is frequently referred to
as our second genome5 and has a significant impact on our physiology and
metabolism.

Deciphering the role of the microbiota in preserving human health is of growing
interest to the scientific community, and several initiatives have been started with
this goal all around the world. More thorough research on the gut microbiome’s
makeup and functionality has been made possible in recent years thanks to the
advent of high-throughput analytical methods and ‘meta-omics’ technology. Despite
these developments, it is still unknown exactly what a ‘healthy’ gut microbiome
looks like.

10.4 Health and Disease Outcomes of the Gut Microbiota

Animals are home to complex populations of gut bacteria that evolved together with
their multicellular hosts and display host uniqueness in both composition and activ-
ity (Ley et al. 2008). According to estimates, there are 2000 different bacterial spe-
cies living in the human gut, which may be more than the entire amount of cells in
the human body as well as the total number of different coding genes (Sender et al.
2016). Culture-independent techniques revealed that patients with a variety of ill-
nesses had microbiomes that are different from those of healthy people, which
increased interest in the human gut microbiome. However, few mechanisms have
been demonstrated to connect pathophysiology to specific microbial metabolites
that are either added to the microbiome associated with the disease or subtracted
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from the healthy microbiome (Brown and Hazen 2015). This problem is made more
complex by the difficulties in identifying a healthy microbiome. Despite these
obstacles, there are a number of broad categories that may be used to think about
how microbiome-health interactions might become dysfunctional as people age and
what the consequences might be for the host.

10.5 Age-Related Influences on the Microbiome

Homeostasis gradually disappears as we become older, and we become less func-
tional and more susceptible to death. Infectious, neoplastic, metabolic, and degen-
erative diseases associated with frailty and cognitive loss are some examples of
age-related diseases. However, they are brought on by changes in the microbiome,
that in turns impact how quickly things get worse with age (Lopez-Otin et al. 2013).
The basic markers of ageing in animals have been found at the molecular and cel-
lular levels.

The microbiome alterations associated with ageing are extremely varied and
regulated by internal and external factors related to the environment. In this respect,
the gut microbiota would unavoidably be impacted by the gradual deterioration in
the physiological functioning of the alimentary tract. In addition to these changes,
the genome is unstable, cells (and mitochondria) fail, proteostasis is reduced, and
there is epigenetic dysregulation, which leads to the emergence of chronic diseases,
metabolic conditions, and altered gut-brain communication (Pellanda et al. 2020).
The consequences for host behaviour and lifestyle (more frailty, prescription use,
surgery, decreased physical activity, and diet quality) may worsen the effects on the
gut flora. Although there is a chance for positive behavioural change, age-associated
modifications within the microbiome are also influenced by choices made during
one’s lifetime, notably regarding food. Less research has been done on themes such
as how society treats its elderly and how social interactions affect the microbiota’s
composition.

According to growing body of research, it is beneficial to one’s health for mem-
bers of a social group to share microbes (Stein et al. 2016). Even though research on
strain monitoring have revealed that commensals and mutualistic bacteria are also
distributed through social networks, the spread of illnesses there has garnered a lot
of interest (Sarkar et al. 2020). Comparatively to the microbiomes of residents of
other families, those who share a residence likely to have similar compositions (Lax
et al. 2014). Pets kept in the home can spread bacteria by serving as transmission
vectors. Additionally, those with more social circles also appears to possess a wider
range of gut microbiomes. The term ‘social microbiome’ refers to the collective
microbial metacommunity of a family and describes how it changes over time, with
elderly people experiencing a sometimes rapid loss in their capacity to acquire
microbes. Whether the people live alone or under institutional care will also affect
the situation.
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10.6 Changes in Gut Microbiome with Ageing

Longitudinal research can identify the microbiome components linked with both
normal and unhealthy ageing by observing people throughout an extended period of
time and tying the composition of the gut microbiome determined at intermediary
points in time to their finalised physiological or medical condition. A popular alter-
native is the use of a cross-sectional research design, which categorises older indi-
viduals according to measures of both healthy and unhealthy ageing and identifies
the associated taxonomic markers. The microbiome has been associated with condi-
tions such as less exercise, cardiometabolic illnesses, cognitive impairment,
migraine, decreased bone mass density, weight gain, metabolic syndrome along
with multiple medical conditions, chronic renal failure, and pre-mortality, accord-
ing to studies (Langsetmo et al. 2019; Luan et al. 2020). An increase in pathobionts,
such as Ruminococcus torques, Eggerthella, Desulfovibrio, and members of the
Enterobacteriaceae family, as well as disease-associated Clostridium species, is the
main distinction between these two groups. While the third group of naturally
occurring microbial markers (including Akkermansia, Odoribacter, Butyricimonas,
Butyrivibrio, Oscillospira, Christensenellaceae, and Barnesiellaceae) decrease in
certain age-related disorders or conditions associated with unhealthy ageing, they
increase in overall ageing research. These species are examples of taxonomic ‘mile-
stones’ that become more prevalent during healthy ageing but disappear after physi-
ological deterioration.

10.7 Ageing and the Gut Microbiome

As it incorporates and reacts to signals from the environment throughout time, the
gut microbiome experiences dynamic alterations (O’ Toole and Jeffery 2015). The
makeup and operation of the gut microbiome are continuously shaped by factors
such as diet, drug use, physical exercise, and social environment (Yatsunenko et al.
2012). Dysbiosis, an imbalance in the composition of the microbial population, is
frequently associated with age-related diseases, which together account for the
majority of disability and mortality cases globally. The combination of bacterial
species and metabolic activity are altered as part of the gut microbiome’s dynamic
adaptation to an environment that is always changing. The host-immune system
meticulously regulates this process by allowing beneficial bacteria to prosper and
occupy mucosal areas while removing or neutralising pathogenic microbes, which
is essential for the formation of the gut microbiome. Immunological wellness pro-
gressively decreases with age, which has significant functional implications for host
well-being and immunity, making it challenging to monitor this dynamic host-
microbial relationship.

Areduction in Clostridiales and Bifidobacterium, an enrichment in Proteobacteria,
and an overrepresentation of pathobionts such Enterobacteriaceae are the hallmarks
of age-related dysbiosis in humans, which is here referred to as microb-aging (Xu
et al. 2019). The current understanding of age-related changes to the composition,
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function, and diversity of the gut microbiota has been extensively evaluated globally
(Odamaki et al. 2016). Environmental factors, dietary choices, and medications all
have a significant impact on the composition and operation of the intestinal micro-
biome (Zmora et al. 2019). However, host organ activity may also influence how the
gut’s microbial population is put together. It is likely that changes in the mucosal
niche cause dysbiotic states as we age because the intestine is susceptible to age-
related changes to the function of tissues and integrity, including changes in regen-
erating ability, epithelial barrier formation, mucus layer composition, and peristalsis
(Mitchell et al. 2017; Pentinmikko and Katajisto 2020).

10.8 Microbiome as a Therapeutically Important Factor

Traditional therapies are believed to be a factor in the development of microbial
resistance to antibiotics and chemotherapy, as well as non-responsiveness to treat-
ment and insufficient specificity. These symptoms pose a major threat to the general
public’s health. The shortcomings of contemporary medicine are addressed through
microbial therapy (Greene and Reid 2012). Microbes, which are frequent visitors to
the human body, boost the body’s ability to recover without causing any harm.
Microorganisms may also be genetically altered to improve their potency and safety
(Ogunrinola et al. 2020). Microbes are beneficial for the growth of microbiota thera-
pies as they can stop the transmission of illnesses by interacting with the host
(Thaiss and Elinav 2017). It is well recognised that Christensenella sp. lessens
depressive and anxiety-like symptoms. According to de la Cuesta-Zuluaga et al.
(2017), Akkermansia muciniphila cures metabolic diseases, works in conjunction
with metformin to treat cancer, and protects against atherosclerosis by lowering
intestinal permeability and reducing inflammation (Li et al. 2016; Cheema et al.
2016). Lactobacillus johnsonii guards against cancer. According to Joossens et al.
(2012), Bifidobacterium longum improves the integrity of the mucus layer that has
been damaged by a high-fat diet and lessens the severity of Crohn’s disease. By
maintaining the homeostasis of oxalic acid, Oxalibacterium formigenes prevents
kidney stones (Jalanka-Tuovinen et al. 2011). Adiposity is protected from by
Bacteroides spp. The field of therapeutics expanded with new opportunities for ill-
ness diagnostics, test processes, and techniques for acquiring and modifying data as
more was learned about the potential of gut microbes. To introduce bacteria into the
host, live biotherapeutics are being developed (McCarville et al. 2020). For the past
10 years, the addition of exogenous bacteria has been an interesting way to modify
the microbiome. Small-molecule therapies that can alter the host microbiota are
urgently needed. To stop the origin of diseases, the tiny chemicals ought to be able
to change how bacteria behave (Cully 2019).
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10.9 Implementation of Microbiome Therapeutics

There has been an effort to utilise the advantages of the host-microbiome relation-
ship for the creation of microbiome therapeutics (Mimee et al. 2016). For microbi-
ome therapies, additive therapy, subtractive therapy, and modulatory therapy are
often employed techniques. Subtractive therapy seeks to destroy the fatal pathogens
that are known to cause the start of a certain disease, while additive therapy involves
the addition of microbial strains or microbial consortia (Marchesi et al. 2016).
Modulatory treatment uses certain non-living substances to alter or manipulate the
host-microbiome relationship for specific purposes (Claesen and Fischbach 2015).

10.10 Additive Therapy

To achieve the health-promoting effects of a specific strain or microbial consortia,
either as probiotics or by FMT, is known as additive therapy. Both naturally occur-
ring and genetically modified microbes have the potential to create therapeutic com-
pounds in additive therapy (Khoruts and Sadowsky 2016).

FMT frequently entails the delivery of medicinal microorganisms. FMT is an
effective way to switch out harmful bacteria for good ones. Through a variety of
delivery methods, it involves the transmission of beneficial microorganisms from
donors to receivers. Strict procedures must be followed when screening the donor
(32). Within 4 weeks prior to transplantation, the necessary stool and blood tests
must be performed to decrease the risk of infection spreading from the donor
(Cammarota et al. 2017). To ensure that the receiver is immune to the donor’s germs,
it is preferable for the donor to be a close relative of the recipient (Bakken et al.
2011). While a genetic illness such as inflammatory bowel disease should be treated
with an unrelated donor (Kelly et al. 2015). It was discovered that treating
Clostridioides difficile infection (CDI) with just faecal filtrate, which contains bac-
terial debris, metabolites, DNA, etc., was sufficient (Ott et al. 2017). Recurrent CDI
was treated with a pure culture of gut bacteria from a single healthy donor (Petrof
et al. 2013). Antibiotic-induced dysbiosis caused by C. difficile infection has been
successfully treated with FMT (Quraishi et al. 2017). With a remarkable recovery
rate, FMT has been successfully utilised to treat C. difficile recurrent infections
(Baktash et al. 2018). Additionally, studies are still being conducted to see if FMT
may be used to treat other disorders (with success rates substantially lower than
those shown with CDI) (Allegretti et al. 2019). The transfer of faecal microorgan-
isms from lean to obese mice resulted in the restoration of butyrate-producing bac-
teria and increased insulin production (Vrieze et al. 2012). Following FMT, the
prevalence of antibiotic-resistant bacteria linked to recurrent urinary tract infections
significantly decreased (Tariq et al. 2017). A lack of mucosa-associated invariant
T-cells is linked to certain diseases such as cirrhosis and alcoholic hepatitis. After
FMT, patients’ T-cell counts were restored (Gao et al. 2018). Similar to this, after
FMT, the loss of Bacteroidetes caused by alcohol was recovered. Several FMT clin-
ical trials have been conducted with positive results in the treatment of alcoholic
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hepatitis, fibrosis progression, hepatic encephalopathy, and liver diseases. Numerous
neurological illnesses, including autism, sclerosis, and Parkinson’s disease, have
been effectively examined with FMT (Finegold et al. 2002). The response to
immune checkpoint inhibitors was improved when healthy individuals’ feces were
transferred to cancer patients (Sweis et al. 2016). The heredity of microorganisms
after transfer depends on the host immune system-related genes, which in turn
depends on the efficacy of the FMT technique (Hall et al. 2017). Although there is
a potential of remission, FMT has demonstrated efficacy in the treatment of ulcer-
ative colitis (Paramsothy et al. 2019). In recurrent Crohn’s disease, the FMT treat-
ment was also found to be ineffective. As was documented in the case of the
transmission of -lactam-resistant Escherichia coli, immune-compromised individu-
als are more vulnerable to the negative effects of faecal transfer. Researchers have
proposed a replacement for FMT involving the construction of artificial stools, in
which commensals from stools could be fermented and developed in vitro under
environments equivalent to the mammalian gut before being encapsulated in the
living form (Kump et al. 2018). This is due to the negative effects of FMT and the
risk associated with constipation (Petrof and Khoruts 2014). To recover the patient’s
faeces and re-establish the natural gut microbes in cases of severe disease.

Probiotics Probiotic therapy is among the most useful kind of addition therapy.
The monotherapy use of either naturally occurring or genetically created therapeu-
tic microbes forms the foundation for the use of probiotics. The definition of probi-
otics is ‘Live microorganisms that when administered in adequate amounts confer a
health benefit to the host” in accordance with guidelines provided by the FAO/WHO
working group in 2002. According to Guslandi et al. (2003), the optimal probiotic
must be specific to a species pathogen-free, helpful to the host, and capable of thriv-
ing within the human body. A variety of disorders have been successfully treated
with Lactobacilli, Bifidobacteria, and E. coli (Cuello-Garcia et al. 2015). By creat-
ing bacteriocins, competing for attachment sites and resources, modifying pathogen
activities, and enhancing the host’s immune-stimulatory and nutritional status, pro-
biotics work through competition to remove pathogens (Kesarcodi-Watson et al.
2008). Recognised health advantages include pathogen defence, host immune sys-
tem stimulation, and the production of potentially effective antimicrobials inside the
human body (Varankovich et al. 2015). The improvement in gut-microbiome com-
position is one of probiotics’ most important benefits. In order to enhance the
makeup of the intestinal microbiome, intestinal microorganisms are currently used
as next-generation probiotics (Depommier et al. 2019). The probiotic microorgan-
isms have a favourable effect on the human gut microbial composition, consequently
enhancing nutritional health and status because the gut microbes respond to the live
microbes consumed orally. Probiotics have been successfully utilised to treat a
number of illnesses, including diarrhoea, Crohn’s disease, ulcerative colitis, and
cancer (Coqueiro et al. 2019). The gut barrier is damaged during inflammatory
bowel illness, ulcers, or fistula. Pathogens and pH changes are more likely to affect
the lining of a leaky gut (Podolsky 1999). These probiotics are currently being mod-
ified to express specific bio therapeutics. For the detection and therapy of diseases,
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engineered probiotics are being created. This technique re-modulates the diseased
environment to healthy environmental conditions by adding an external functional
element.

10.11 Subtractive Therapy

In the field of microbiome engineering, subtractive therapy has become an intrigu-
ing technique (Lu and Collins 2009). With the assistance of bacteriocins and bacte-
riophages’ antibacterial properties, this treatment tries to decrease the number of
harmful microorganisms in the microbiome. In addition to the emergence of antibi-
otic resistance within gut bacteria, bacteriocins and bacteriophages have been used
to target pathogenic organisms with minimal effect on the microbiome as a whole.
Antibiotics were typically used to eradicate undesired pathogens. Bacteriocins are
peptides produced by ribosomes that have antibacterial properties. Bacteriocins
combat pathogens in a variety of ways, including by rupturing membranes, produc-
ing toxins, impeding the respiratory system, and generally lysing cells (Mahlapuu
et al. 2016). According to Otdak and Zielinska (2017), bacteriocins can be either
lanthionine- or non-lanthionine-containing. While lanthionine-containing enterocin
and nisin have antibacterial activity against Bacillus cereus, Geobacillus stearother-
mophilus, and Clostridium botulism, non-lanthionine-containing bacteriocins act
against Clostridium, Enterococcus, Pediococcus, Lactobacillus, and Leuconostoc
(Egan et al. 2016). Bacteriocins are known to be produced by Firmicutes,
Bacteroidetes, Proteobacteria, and Actinobacteria. Commensals rely on bacteriocin
to thrive in the gut’s competitive niche (Kommineni et al. 2015). They suppress the
defensins, stop pathogen colonisation, and boost host immunity all around. Dairy
products have been preserved using bacteriocins (Perez et al. 2014; Gautam and
Sharma 2009). Bacteriocins are used to preserve meat, vegetables, drinks, and other
foods. Commercial food preservatives pediocin and nisin are available. Peptic ulcers
are treated with bacteriocins produced by Pediococcus acidilactici BA28 (Kaur
et al. 2012). Due to its spermicidal and antibacterial properties, ferrmenticin HV6b,
which is generated by Limosilactobacillus fermentum HV6b, is utilised in vaginal
creams (Kaur et al. 2013). To control microbial diseases, veterinary professionals
also utilise bacteriocins such as nisin. Similar to this, ESL5, which is produced by
Enterococcus faecalis SL-5, is applied topically to prevent acne lesions brought on
by Propionibacterium acnes (Kang et al. 2009). Bacteriocins are also employed in
dental hygiene. For mouthwash and sustaining dental health, S. macedonicus’
macedocin is utilised (Zoumpopoulou et al. 2013). Similar to how bacteria can
become resistant to antibiotics, bacteriocin resistance can also emerge as a result of
environmental adaptation or bacteriocin breakdown (Dicks et al. 2018). An attempt
should be made to boost bacteriocin potency in order to progress towards treatments.
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10.12 Modulatory Therapy

For the benefit of human health, modulatory therapy may involve modifying gut
microorganisms or the interactions they have with the human host. It takes into
account rebuilding the depleted microbiome and altering current bacteria to create a
healthier microbiome. Through a variety of modifications, including those to food,
exercise, and antibiotic use, the gut microbiota can be restored or modulated
(Bhalodi et al. 2019). Because the microbiome supports our nutrition, changing our
diets is a key strategy for altering the gut microbiome. The gut microbiome is greatly
impacted by dietary changes. Short-chain fatty acid (SCFA) production and a
healthy microbiota are both correlated with exercise (Allen et al. 2018). Sportspeople
eat more proteins that affect the gut microbiome. The rise in Veillonella improving
exercise endurance was tested in marathon runners (Birchenough et al. 2019). A
crucial element in determining the microbiota’s composition is vitamin D. Dietary
changes may aid in the continuous development of good bacteria and enhance the
synthesis of microbial metabolites such SCFAs (Bindels et al. 2015). Dietary
changes that are combined with other forms of diabetes treatment enhance the gly-
cemic index. Children with severe epilepsy who were given a ketogenic diet had
fewer gut Eubacterium rectale, Bifidobacteria, and Dialister bacteria (Lindefeldt
et al. 2019). Thus, a drug-resistant form of epilepsy was treated with a ketogenic
diet. Long-chain fatty acid supplementation relieved the pathological circumstances
and restored the Lactobacillus in ethanol-induced liver damage. Similar to how
butyrate concentration was reduced by giving glycerol tributyrate to patients, this
had a good impact on their health (Cresci et al. 2014). The antioxidant tempol was
used to treat obesity by changing the bacterial makeup to prevent obese situations.
Prebiotics, such as fibre and galactooligosaccharides that boost the abundance of
Bifidobacterium, boost the good microorganisms and eliminate the infections. Drug
use, smoking, and alcohol intake also have an impact on the composition of the gut
microbiota. Some medications/drugs may alter the composition of the gut microbi-
ota and may possibly heighten antibiotic-induced resistance. According to Meroni
et al. (2019), drinking alcohol increases gram-negative bacterial concentration,
reduces SCFA production, and makes the intestinal wall more permeable. Alcohol
decreases the quantity of Proteobacteria and increases the amount of Lactobacilli
and Bacteroidetes (Barr et al. 2018). The abundance of Proteobacteria increases and
Faecalibacterium decreases in the human stool as a result of higher alcohol intake.
Smoking also affects the composition of the gut, airway, and oral microbiomes.
Quitting smoking changes the composition of the gut microbiome by favouring
Firmicutes and Actinobacteria while simultaneously depleting Bacteroidetes and
Proteobacteria. Dysbiosis, smoking, and the beginning of a disease are all related.
The development and severity of the disease are influenced by the increased abun-
dance of Bacteroidetes in CD patients. In addition to having a deleterious impact on
the gut flora, antibiotics also cause changes in metabolic activity, the development
of antibiotic resistance, and antibiotic-associated diarrhoea and CDI infections
(Ramirez et al. 2020).
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10.13 Limitations in the Field of Microbiome-Based Therapies

Microbiome therapy creates a native gut microbial ecology that helps improve gut
health and prevent dysregulation. The goal of using microorganisms as therapy is to
promote host survival by influencing physiological, metabolic, and nutritional pro-
cesses. Although microbiome treatments show promise, they frequently face a few
difficulties. Identification of the bacteria to address disease complexity is the main
obstacle in the field of microbiome therapies. Depending on their capacity to sur-
vive inside the body, various microbial strains are suited for specific treatment
methods. The Lactobacillus sp. and E. coli Nissle successfully enrich within the
small intestine, Bacteroides sp. successfully colonises the colon and caecum.
According to Donaldson et al. (2016), Lactobacillus lactis cannot colonise the gut.
Therefore, the appropriateness of the probiotic utilised for treatment is contingent
upon the biogeography of the disease. Prior to choosing microorganisms for treat-
ment, it is necessary to properly characterise the bacteria according to their practical
advantages. It has been difficult for a long time and in a variety of situations to
determine whether microbiome treatments are effective. Furthermore, since the
majority of the research on the medical use of the microbiome has been conducted
using rodent models, efforts continue to be required to carry out human trials. The
durability and stability of the therapeutically important microbial strains enable
effective microbiome therapy. To understand the environmental difficulties that bac-
teria encounter and how their interactions with one another affect their functionality,
chemostats must be constructed (Auchtung et al. 2015). Similarly, investigations
into the interactions between hosts and probiotics have been carried out utilising
organoids, gut-on-a-chip models, and 3D intestinal scaffolds. Similar to that, stud-
ies exploring the interactions between hosts and probiotics have been conducted
using organoids, gut-on-a-chip models, and 3D intestinal scaffolds. It is necessary
to assess the safety of customised probiotics for sustained therapeutic efficacy.
There are issues with the horizontal transfer of recombinant DNA from the intended
microbiome to the natural microbiome (Smillie et al. 2011). Recombinant probiot-
ics that are released into the environment might also be dangerous. Auxotrophic
microorganisms that become inactive in the absence of a certain substrate must be
used as therapies because they are unable to colonise their environment. Synchronised
research and regulatory mechanisms must be employed for a safe treatment strategy
as well as therapeutic maintenance because changed phages may lead them to lose
function (Gladstone et al. 2012). In order to ensure the long-term viability of the
drugs, further measures should be done to lessen the burden on cellular therapy.

10.14 Conclusion

The human body has a diverse range of various gut bacteria, which can be separated
and examined to learn more about their methods of action and determine whether
they might substantially influence advanced medical therapies. There is a still need
to investigate the human microbiota in a novel way to improve our understanding of
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the functionality and mechanisms associated with these microbes and move beyond
these simple associations to more complex analysis. In addition, it is essential to
characterized the role of the microbiota, which includes viruses, phage, fungus, and
archaea, in human health and disease. Innovations in this field could have a real
impact on medicine and human health. We can explore the bacteria in the human gut
as well as those in various body locations by using various metagenomic techniques
study the uncultivated bacterial population. Probiotics may potentially provide ther-
apeutic approaches to maintain the microbiome’s equilibrium in the gut, preventing
dysbiosis, It is crucial to emphasise the importance of studying the optimal number
of probiotic strains required to achieve specific objectives with proven effective-
ness. Future probiotic research must concentrate on stratifying clinical trials accord-
ing to sex, nutrition, ethnicity, location, and the functional aspects of each
participant’s microbiome. Probiotic strains and their products play a significant role
in the improvement of global health problems as natural and safe therapeutic thera-
pies. Clinical research have shown that there are a number of health advantages,
including improvements in bowel function, diarrhoea, vaginal dysbiosis, respiratory
infections, bone mineralisation, and body weight. Exploring these findings has
piqued the curiosity of researchers all across the world, raising the demand for accu-
rate and understandable scientific communications. By taking advantage of how
diet and food choices affect the microbiome’s composition, these gut microbial
populations may be suggested as possible therapeutic targets. Probiotics and sug-
gestions for a healthier lifestyle and diet may be crucial in reducing illness suscep-
tibility and enhancing human health. This requires thorough extensive communication
and a greater comprehension of the populations of human gut microbes and their
link with the host’s health through complex analyses that can significantly impact
human wellness and disease.
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Gut-Microbiota as a Therapeutic 1 1
Intervention for Cognitive Damage
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Abstract

Elderly mortality is significantly influenced by cognitive impairment. The dys-
regulation of the gut microbiota is believed to be a contributing factor in the
pathogenesis of several gastrointestinal and extraintestinal disorders, and it is
showing signs of evolving into a significant disease-controlling factor. Through
the increasingly well-defined gut microbiota—brain axis (GMBA), an altered gut
microbiome (GM) has more recently been linked to mild cognitive impairment
(MCI) and Alzheimer’s disease (AD). It is known that the gut microbiota yields
vitamins, intestinal toxins, and neurotransmitters like acetylcholine, dopamine,
and serotonin as well as modulates nerve signaling, with a focus on the vagus
nerve. Furthermore, gut dysbiosis impairs the synthesis of signaling proteins,
which impacts metabolic processes important for the onset of AD. Corrections
made to the gut microflora composition may have a pleiotropic effect on demen-
tia pathology because the gut microbiota has numerous connections to important
metabolic and inflammatory pathways. In this book chapter, we provide a brief
overview of the function of GM homeostasis in both diseased and healthy brains.
On the foundation of these findings, we proceed to discuss how dysbiosis might
be used as a new diagnostic tool in both early and advanced disease stages. This
book chapter explores the potential of gut dysbiosis as a diagnostic tool for
cognitive decline, and examines dietary modifications, probiotics, and fecal
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microbiota transplantation (FMT) as promising therapeutic interventions for
these disorders.

Keywords

Gut microbiota - Gut-brain axis - Biomarker - Probiotics - Diet - Fecal microbiota
transplantation - Alzheimer’s disease

Abbreviations

AD Alzheimer’s disease

Ap Beta amyloid

FMT Fecal microbiota transplantation
GBA Gut-brain axis

GM Gut microbiome

GMBA  Gut microbiota brain axis

MCI Mild cognitive impairment

NDs Neurodegenerative diseases

PGNs Peptidoglycans

SAMP8  Senescence-accelerated mouse prone 8
SAMRI1  Senescence-accelerated mouse resistant 1
SCFAs  Synthesizing short-chain fatty acids
TLRs Toll-like receptors

11.1 Introduction

Healthcare expenditures are rising and caretakers are being devastated by an epi-
demic of age-associated cognitive loss, which is most frequently attributed to neu-
rodegenerative diseases (NDs). Cognitive disorders include dementia (e.g.,
Alzheimer’s disease), amnesia, and delirium (Berryhill et al. 2012). In these disor-
ders, patients are no longer fully oriented to time and space. Each cognitive illness
has a varied course of treatment depending on the precise diagnosis, but they are
never curable. Therapies instead work to minimize symptoms experienced by
patients. The goal of current research is to increase understanding of the underlying
causes of cognitive problems and to create effective therapies for them.

Intestinal flora refers to the microbes that reside in the gut and includes eukary-
otes and archaea in addition to bacteria. According to Li et al. (2022), the gut micro-
biota (GM) is thought of as a separate organ system that contributes to a variety of
essential roles such as immunity, digestion, and nutrient absorption. It is essential
for the brain’s behavioral and cognitive processes as well. It has been clearly estab-
lished for the past 20 years that the brain and gut communicate in both directions
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(Varesi et al. 2022). One of the main factors for the emergence of a number of men-
tal diseases is the close relationship between the GM and the host brain (Varesi
et al. 2022).

The gut-brain axis’ (GBA) existence and how intestinal bacteria affect brain
function have drawn a lot of research over the past decade. The infectious hypoth-
esis that underlies NDs like Alzheimer’s disease has been postulated in light of
growing data. According to this theory, gut flora may be beneficial both as a protec-
tive measure and as a treatment (Kim et al. 2020; Long-Smith et al. 2020). This
book chapter seeks to identify whether altering the gut microbiota can offer any
benefits in terms of enhancing cognitive performance in individuals experiencing
cognitive impairment.

11.2 Gut-Brain Axis

GBA is a signaling pathway that connects the central nervous system (CNS) and
gastrointestinal tract, enabling two-way communication between the two systems
(Varesi et al. 2022). Its main tasks include monitoring and assimilating intestinal
processes as well as establishing connections between emotional and cognitive
brain regions and peripheral intestinal processes like immune activation, intestinal
permeability, enteric reflex, and enteroendocrine signaling via immune and neuro-
endocrine mediators. In this integrated world, signals from the stomach affect brain
activity while the brain regulates the sensory, secretory, and movement activities of
the gut. Because of this, maintaining gut homeostasis depends heavily on this rela-
tionship, which has been associated with the etiology of a number of metabolic and
mental (psychiatric and neurological) dysfunctions and disorders (Kaur et al. 2021).
Several potential routes of contact between the GM and the brain have been pro-
posed. It might be through the main modulatory pathway, which is made up of the
branches of the vagus nerve (Han et al. 2022). As a result of the microbiota modulat-
ing transmitters like serotonin and acetylcholine as well as the creation of bioactive
peptides and metabolites like short-chain fatty acids by the GM (Chen et al. 2021).
Cortisol may affect intestinal motility, integrity, and mucus production as well as
alter the composition of the GM when it is released by the hypothalamic-pituitary-
adrenal axis (HPA) in response to stress. This alteration may then have an effect on
CNS by modulating stress hormones (Heijtz et al. 2011). It also might be through
the production of pro-inflammatory cytokines and chemokines (Cryan 2021). Also,
immunity is a key factor. Toll-like receptors (TLRs) and peptidoglycans (PGNs)
specifically serve as sensors of microbial components to mediate the immune
response to microbes (Banks and Erickson 2010). Through various pathways, a
local immune activation can result in an immune activation in various organs,
including the brain (Silver et al. 2014). The pathophysiology of some types of
depression and neurodegenerative diseases like AD and Parkinson’s disease (PD)
have been linked to this low-grade immune activation (Margolis et al. 2021). Given
this intricate interplay, it is not surprising that the GBA, and by extension the GM as
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its primary element, either directly or indirectly influences neuropsychiatric ill-
nesses (Generoso et al. 2021).

11.3 Correlation Between Gut Microbiota
and Cognitive Dysfunction

Patients with dementia generally experience a decline in memory and other cogni-
tive skills that is so severe that it impairs their ability to perform daily duties. A
consistent and steady loss in cognitive function is one of its hallmarks. People with
impairments commonly forget things and have little to no awareness of their inad-
equacies (Cipriani et al. 2020). The control of human behavior and the impact on
mental processes such as mood and cognition, and the brain’s physiological pro-
cesses like myelination, neurogenesis, and microglial activation are all attributed to
the gut microbiota (Guzzetta et al. 2022). Although many routes are considered
when relating GM to cognitive function, little is understood about the precise mech-
anisms behind dementia in the elderly. Additionally, GM is extremely sensitive to
outside lifestyle factors, including diet, lack of sleep, circadian rhythm disturbances,
chronic noise exposure, and sedentary behavior, which are also thought to be risk
factors for some NDs (Banks and Erickson 2010; Cryan 2021; Heijtz et al. 2011). In
order to prevent neurodevelopmental abnormalities and NDs, the GM is essential
for preserving the microglia’s healthy functional state (Silver et al. 2014).

11.4 Gut Microbiota and Alzheimer’s Disease

AD, the most typical dementia-causing factor, affects roughly 50,000,000 individu-
als globally and is a serious global health issue (Mullane and Williams 2020). Beta
amyloid (Ap) plaques and tangles of hyperphosphorylated tau neurofibrils, which
cause neuroinflammation and gradual cognitive impairment, are the disease’s hall-
marks (Den et al. 2020). Any infections or traumatic events that affect the brain
(traumatic brain injury) can interfere with central immune homeostasis and hasten
the disease’s progression. Recent research papers assert that changes in the GM
have a direct influence on cognitive impairment and actively contribute to the devel-
opment and progression of AD. Unbalanced GM could contribute to immuno-
senescence, oxidative stress, cytokine production, and neuroinflammation in the
early stages of AD pathogenesis, according to a growing body of research (Ausé
and Gémez-Vicente 2020; Leblhuber et al. 2020; Varesi et al. 2022).

Kim et al. (2020) shed new light on the relationship between the gut, immune
cell population blood, and brain (pathology) axis and AD by demonstrating that
microbiota-mediated intestinal and systemic immune aberrations contribute to the
pathogenesis of AD in AP and neurofibrillary tangles (ADLP*FT) transgenic mouse
model. ADLP**T animals displayed persistent intestinal and systemic inflammation
as well as a loss of epithelial barrier integrity. The development of amyloid plaques
and neurofibrillary tangles, glial reactivity, and cognitive impairment were all
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reduced by repeated transfer and transplant of the fecal microbiota from wild-type
mice into ADLP*"T animals.

11.5 Gut Microbiota as Biomarkers for Cognitive Disorders

One of the main objectives of several investigations is the search for prognostic,
precise, non-invasive, and approachable biomarkers for early illness diagnosis.
Although it is believed that an early diagnosis of AD may be vital for taking action
during the earliest stages of a disease, effective and repeatable biomarkers have not
yet found clinical use (Aus6 and Gémez-Vicente 2020). Although fluid biomarkers
for early disease detection are the subject of numerous studies, we have yet to
develop an assay that is reliable and efficient enough to be used in clinical settings
(Mullane and Williams 2020). In recent years, biomedical research has focused on
the GMBA as a potential therapeutic target for disorders of the CNS, including AD
(Kim et al. 2020; Long-Smith et al. 2020). Hence, GM-related biomarkers may be a
promising substitute or additional tool to assess illness states.

In both human and animal research, dysbiosis of GM has been linked to neuro-
psychiatric illnesses. Recent research revealed that there were substantial differ-
ences in fecal bacteria diversity and composition between AD patients and healthy
controls (Zhuang et al. 2018). In contrast to the lower concentration of bacteria
capable of synthesizing short-chain fatty acids (SCFAs), a larger concentration of
bacteria that cause pro-inflammatory conditions was present in the GM of patients
with AD. In a mouse model of AD, elevated verrucomicrobia and proteobacteria
and lower levels of ruminococcus and butyricicoccus were detected (Zhang et al.
2017). Also, our earlier research showed that fecal microbiota transplantation
(FMT) could lessen the symptoms of AD in the amyloid precursor protein/preseni-
lin 1 (APP/PS1) animal model (Sun et al. 2019). A recent research showed that the
distinctive GM, particularly Enterobacteriaceae, may be able to predict PSCI in
post-stroke patients and may be employed as clinical biomarkers of patients with
ischemic stroke (Ling et al. 2020). In addition, recently, GM-derived biomarkers
have been considered for psychological and NDs, such as bipolar disorder (Lucidi
etal. 2021), multiple sclerosis (Navarro-Lépez et al. 2022), and PD (Qian et al. 2020).

11.6 Gut Microbiome-Based Therapeutic Approaches

High-fiber diets, probiotics, and FMT are potential therapeutic approaches that tar-
get the gut to treat or prevent the symptoms of dementia and other forms of cogni-
tive impairment.
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11.7 Diet

One of the most crucial lifestyle choices for long term, including a person’s physical
and mental well-being is diet. An expanding body of research indicates that dietary
elements or nutrients have an impact on different biological processes, including
brain activity (Kim et al. 2020). The emerging idea of maintaining brain health
through dietary interventions is thus actively being researched. Food may be a con-
trollable risk factor for cognitive deterioration. A complicated signaling system
comprising several cells, mediators, and receptors is how food communicates with
the brain (Ettinger 2022). Dietary ingredients affect the microbial populations’
diversity and abundance, protect the gut barrier’s integrity, and control how easily
microorganisms and their metabolites enter the bloodstream to influence the immune
system and communicate with other organs, including the brain. The microbiota
regulates the communication between the gut and the brain as previously men-
tioned. Microbes not only contribute significantly to food digestion and fermenta-
tion, supplying nutrients and bioactive metabolites, but they also reflect the kind and
quantity of food consumed as well as exposure to food-borne toxins (Ettinger 2022).

As previously mentioned, one of the primary elements that affects the GM com-
position during the course of a person’s life is nutrition (Flint 2012). In turn, bacte-
ria mediate interactions between a regular diet and a host organism’s numerous
activities, including cognitive function (Shabbir et al. 2021). In this context, the GM
may interact with dietary components by influencing energy balance, metabolic risk
factors, and systemic inflammatory response through food metabolites, as well as
through influencing the availability of nutrients that are crucial for brain function
(Varesi et al. 2022). Together, studies demonstrate that foods heavy in saturated fats
and simple carbohydrates, poor in fiber, and associated with the Western diet include
cognitive impairment and an increased risk of dementia.

Recent research has shown a close connection between the composition of GM
(then influenced by dietary habits) and the onset of AD. This connection often
results from neuroinflammation brought on by bacterial brain migration or bacterial
products, which frequently happens to influence the regulation of brain synaptogen-
esis and development as well as the evolution of mood and cognition (Lin et al.
2018). Accordingly, gut microbiota dysregulations, which are frequently reported in
AD patients, can be used to research novel treatment and diagnostic options for this
debilitating condition.

Intake of fiber is linked to a decreased risk of AD in older persons. SCFA genera-
tion by gut bacteria is encouraged by the consumption of plant-based diets high in
soluble fiber (butyrate, acetate, and propionate). Administration of butyrate pro-
vides anti-inflammatory effects, whereas propionate encourages neuroinflamma-
tion. Even in the prodromal phases of the disease, gut microbiota dysbiosis is a
typical symptom in AD patients. It is unclear if the neuroprotective effects of fiber
consumption depend on changes to the gut microbiota and particular actions of
SCFAs in brain cells (Cuervo-Zanatta et al. 2023). It is challenging to demonstrate
a cause-and-effect relationship between these variables, however, because there is
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comparatively little clinical research exploring the relationships between GM, diet,
and neurodegeneration.

11.8 Diet Approach-Related Challenges

Our understanding of the timeframe required for a dietary change to have a signifi-
cant impact on the gut flora and, consequently, health, is constrained by a number of
factors. First, it is difficult to determine if a diet-induced modulation of the gut
microbiota persists without long-term human research or even follow-ups of short-
term dietary interventions, but wash-out periods of cross-sectional studies can offer
some indirect information (Leeming et al. 2019). Second, some studies have dem-
onstrated that a host’s microbiota may respond or not to a dietary intervention
depending on the presence or lack of specific bacteria (such as bacteria that degrade
fiber) within their core microbial community, leading to varied results. Sonnenburg
et al. (2016) demonstrated that a decline or extinction of these fiber-degrading bac-
teria results from a decrease in fiber over multiple generations in mouse.

Third, research has typically focused on the analysis of general dietary indices or
single and mixed nutrients rather than foods in the context of specific dietary pat-
terns. These approaches ignore the synergistic interaction seen in food matrices.
The challenge of accurately expressing complexity of diet itself is still one that is far
from being solved. This is mostly due to the substantial individual variation in
dietary intake, which makes it challenging to collect and combine data that can be
used in statistical modeling. At last, existing gut microbiome techniques occasion-
ally undervalue how transit time affects the diversity and makeup of GM. Although
feces richness is seen as a sign of gut health, the fecal microbiota’s composition
really captures the level of ecological development more accurately than it does
social cohesion (Falony et al. 2018).

11.9 Probiotics

The use of probiotics is one potential gut-targeted therapy to reduce cognitive
impairment symptoms (Sun et al. 2020). When given in sufficient proportions, pro-
biotics are characterized as live bacteria that help the host’s health (Reid 2016).
Probiotics can influence gut dysbiosis in a variety of ways (Ng et al. 2009); nonethe-
less, in the case of cognitive dysfunction, the anti-inflammatory effects could be
crucial. Probiotics may improve cognitive impairment by lowering inflammation
linked to tryptophan serves as a substrate for the synthesis of a number of bioactive
chemicals and is an essential amino acid. The metabolites in the tryptophan-
kynurenine pathway are implicated in inflammation, immunological response, and
neurotransmission and may have either neuroprotective or neurodegenerative
effects. The majority of tryptophan is metabolized through the kynurenine pathway
(Cervenka et al. 2017). For instance, the composition of the intestinal microbiota
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can control the formation of indole compounds, which can be either advantageous
or poisonous (Zelante et al. 2013).

According to several clinical and preclinical intervention studies, probiotics are
effective in treating a number of age-related diseases, including AD (Athari Nik
Azm et al. 2018; Bonfili et al. 2022; Nimgampalle and Kuna 2017), neuroinflamma-
tion (Musa et al. 2017), and vascular dementia (Liu et al. 2015), despite the fact that
the effects of probiotics on cognitive impairment are less well understood. Kobayashi
and colleagues found that giving amyloid-f injection-induced AD mice oral
Bifidobacterium breve strain Al for 6 days reversed the impairment of alternation
behavior in the Y maze test and decreased latency time in the passive avoidance test
(Kobayashi et al. 2017).

Additionally, the consumption of probiotics reduced the expression of immune-
reactive and pro-inflammatory genes in the hippocampal region (Kobayashi et al.
2017). Probiotics have been shown to improve cognitive deficits in gross behavior
and spatial learning tasks in other studies in rodents with an AD model (Athari Nik
Azm et al. 2018; Nimgampalle and Kuna 2017), to increase the expression of neu-
ronal proteolytic pathways (Bonfili et al. 2022), and to decrease neurodegeneration
(Athari Nik Azm et al. 2018). There isn’t much evidence from humans to support
this idea, despite encouraging results in preclinical studies. Probiotic supplementa-
tion’s impact on AD patients was investigated in two studies. According to research
by Akbari and colleagues, probiotic therapy given to AD’s patients for 12 weeks
with a supplement containing Lactobacillus acidophilus, Lactobacillus caseli,
Bifidobacterium bifidum, and Lactobacillus fermentum improved their cognitive
function and metabolic homeostasis (Akbari et al. 2016).

Probiotics have recently been suggested as a secure and effective method of
transport for other therapeutic substances. GM probiotic are being recognized as a
viable therapeutic technique because they offer accuracy and a greater degree of site
specificity than standard medication regimens (Kumar et al. 2016).

11.10 Probiotic Therapeutics’ Challenges

Parameters that must be controlled on both the probiotic and host sides when plan-
ning intervention trials are as follows:
Considering the probiotic:

1. Strain: Depending on the strain, a probiotic can have a positive impact on health.
Some strains have a good impact on cognitive function, whereas others do not.
Probiotics from a single strain or several strains are both used in the research. In
studies involving humans, Lv et al. (2021) found that a single strain of probiotics
performed better. However, diversity could be essential for the elderly’s cogni-
tive health; the majority of studies haven’t stared at how probiotic supplementa-
tion affects the microbiota.

2. Dose: Information on the dose-response properties of probiotics is not supported
by sufficient data. The majority of studies have not contrasted the various doses.
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The most frequently used doses ranged from 108 to 1011, but additional trust-
worthy evidence from different dosages is required, particularly outside of these
typical doses (Den et al. 2020).

. Period: Regarding how long probiotics should be consumed, there are still many

questions. The majority of the studies’ interventions lasted 12 weeks. Despite the
fact that these studies used middle-aged adults as participants, Lv et al. (2021)
contend that a time length of less than 12 weeks was more effective. Long-term
research studies are lacking, particularly in regard to the elderly population.

Considering the host:

. Host’s gut microbiome: The hosts’ diet and lifestyle, age, sex, geographic loca-

tion, concurrent disease, exposure to antibiotics, and baseline microbiota com-
position could all affect the intervention’s success. Accordingly, all of these
elements ought to be under control. Despite the fact that diet has an impact on
the gut microbiome, most studies analyze diet only superficially and did not take
into account the individuals’ baseline gut microbiota. More closely monitored
randomized controlled trials must be conducted in order to determine the precise
effects of dietary changes on the gut microbiota (Johnson et al. 2022).
Cognitive dysfunction level: studies comparing people who have different lev-
els of cognitive functioning do not exist. When analyzing the findings between
mild cognitive impairment (MCI) or early dementia and cognitively normal indi-
viduals, Kobayashi et al. (2019) found a beneficial effect of probiotics in the
low-score subgroup but not in the high-score subgroup (indicating favorable
cognitive performance). Although in one study with cognitively healthy partici-
pants, Lv et al. (2021) demonstrated that the effects of probiotic supplementation
were greater in the case of cognitively impaired individuals than in healthy ones.
Additionally, the current Randomized Controlled Trial (RCT), which includes
patients with cognitive impairment, focuses more on inflammatory and oxidative
biomarkers than cognitive function, so they used the mini-mental state
examination (MMSE) or test your memory (TYM), which are both measures of
inflammation and oxidative stress.

. Probiotic side effects: Along with the benefits that have been noticed, probiot-

ics’ side effects should also be taken into account. Hwang et al.’s (2019) findings
indicate that it is safe to give MCI patients Lactiplantibacillus plantarum C29-
fermented soybean to improve their cognitive function. As mild adverse events,
the following adverse events were noted: headaches, abdominal pain, gastritis,
erectile dysfunction, and seborrheic dermatitis (Dore et al. 2019).

11.11 Fecal Microbiota Transplantation

FMT is an additional promising treatment that was first developed to treat gastroin-
testinal illnesses and may be a potential method to treat cognitive decline (Kim and
Gluck 2019). FMT involves inserting “healthy” donor feces into the intestinal tract
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of a recipient who is presumed to have an altered or dysbiotic colonic microbiome
in an attempt to directly change the recipient’s microbial composition (Vindigni and
Surawicz 2017; Zhan et al. 2018). The goal of this treatment is to restore the recipi-
ent’s gastrointestinal tract’s normal gut microbiota and colonization resistance
(Vindigni and Surawicz 2017).

Retention enemas were the most popular method of FMT administration in the
1980s. Throughout time, the routes of delivery have altered. Other delivery methods
were then employed, such as fecal material instillation through a nasogastric tube,
administration during colonoscopies and upper endoscopies in the 2000s, and self-
administered enemas in 2010. Recently, concentrated cryopreserved fecal-derived
bacteria has emerged as a therapy option for recurrent Clostridium difficile disease
and has shown promising results (Aroniadis and Brandt 2013; Hirsch et al. 2015).

FMT increases the diversity of fecal bacterial communities and fosters long-term
engraftment in recipients, and it has been successfully used for almost 60 years to
treat Clostridium difficile infection (Ventham et al. 2013). For instance, FMT has
been demonstrated to have therapeutic potential in the treatment of inflammatory
bowel disease (Lopez and Grinspan 2016), and type 2 diabetes (Wang et al. 2020).
Senescence-accelerated mouse prone 8 (SAMPS) mice had considerably worse
cognitive performance than senescence-accelerated mouse resistant 1 (SAMRI)
mice in a preclinical paradigm of accelerated aging, which was associated with
altered gut microbiota composition. Germ-free mice who received fecal transplants
from SAMR1 mice but not from SAMPS mice showed enhanced behavior and
microbiota diversity metrics (Zhan et al. 2018).

Sun et al. (2019) proposed that FMT could be a potential treatment for AD. They
reported that FMT therapy could help APPswe/PS1dE9 transgenic (Tg) mice with
their cognitive deficits and amyloid-p (Ap) brain deposition. These improvements
were accompanied by a decline in tau protein phosphorylation as well as AB-40 and
Ap-42 concentrations. There was also an increased synaptic plasticity in the Tg
mice, which demonstrated that the expression of PSD-95 and synapsin I increased
following FMT. Moreover, after FMT, a drop in the levels of COX-2 and CD11b in
Tg mice was observed. Additionally, FMT treatment reversed the changes in SCFAs
and gut microbiota.

Only two case studies with encouraging outcomes in humans have been under-
taken thus far. After receiving FMT from an 85-year-old woman (the recipient’s
wife), Hazan (2020) showed that an 82-year-old man’s AD symptoms (cognitive
function, memory, and mood) had improved An increase in cognitive function,
microbial diversity, and SCFA production was also seen in a second case-study
involving a 90-year-old woman with AD and severe C. difficile infection who
received FMT from a 27-year-old healthy male (Park and Seo 2021). Many restric-
tions still exist for FMT, despite the possibility of using it to treat AD. Standardization
of the therapeutic regimens, time and duration of administration, short- and long-
term dangers, and inclusion criteria are all issues that need to be taken into account
and addressed (Varesi et al. 2022).

In a study by Park et al. (2022), cognitive improvement is observed following
FMT to treat Clostridioides difficile infection (CDI), indicating a critical link
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between the gut microbiome and neural function. Although there has been research
linking the gut microbiome to cognitive function, it is unclear whether fecal micro-
biota transplantation can help patients with cognitive decline. After fecal transplant,
FMT seems to be safe and well tolerated except for minor adverse events, including
transient diarrhea, abdominal cramps or pain, low-grade fever, bloating, flatulence,
and constipation during short-term follow-up (Colman and Rubin 2014; Ettinger
2022; Park and Seo 2021). However, in a prospective registry, of the 156 partici-
pants who had a 6-month follow-up following FMT, 2 patients received new diag-
noses of irritable bowel syndrome and 2 patients received new diagnoses of
ulcerative colitis (Kelly et al. 2021).

FMT could therefore be used as a modulation strategy to address cognitive
impairment. However, in order to establish a reliable FMT causality relationship,
well-designed experiments must be quickly developed before making claims about
the positive effects of FMT. For the purpose of selecting donors for FMT, larger
long-term follow-up studies are required to find any potential long-term adverse
outcomes (Sbahi and Di Palma 2016). Furthermore, there are still many unanswered
questions regarding FMT therapy in human subjects, including the route of admin-
istration, frequency of application, donor microbiota screening, antibiotic adminis-
tration, and other issues (Sun et al. 2020).

11.12 Conclusion and Future Directions

The exponential increase in research into the function of the GM in human health
has occurred over the past 20 years. The emergence of GMBA as a crucial integra-
tive physiological regulator via the bidirectional microbiota-gut-brain communica-
tion has sparked a great deal of excitement both within and outside the scientific
community. Interventions that target the microbiota are intriguing and prospective
therapeutic methods for the prevention and treatment of cognitive decline, espe-
cially in consideration of the plasticity of the microbiome. However, gut microbiota
as a therapy still faces a number of methodological and experimental challenges,
despite some reported evidence about the potential applicability of some novel ther-
apeutic approaches. Preclinical studies account for the majority of the data currently
available linking the microbiome to chronic diseases. Before they can be translated
into useful advice, the few human studies still need to demonstrate their applicabil-
ity. For instance, a growing body of research indicates that probiotics, particularly
the GMP strain, may help to alter the GBA, making them a promising treatment
option for cognitive impairment because they deliver precise medications with high
levels of site specificity. Even though it has been hypothesized that cognitive impair-
ment may share some of the pathways connected to gut dysbiosis, suggesting that it
may be a strategy to restore intestinal homeostasis in this condition, the potential
effectiveness of FMT is still based on theoretical presumptions. In fact, the efficacy
of this therapeutic approach to treat this age-related condition has not yet been dem-
onstrated in preclinical or clinical studies. Further research using both animal
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models and human intervention trials will be essential in establishing the efficacy of
these approaches and paving the way for their clinical application.
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Abstract

Brain aging, characterized by age-related changes, significantly impacts cogni-
tive function. Microglia cells are resident macrophages in the CNS that are
responsible for maintaining brain homeostasis. Normally older people exhibit a
high inflammatory condition in brain. Thus any small insult will trigger the
microglia activation and polarize into pro-inflammatory (M1) and anti-inflam-
matory (M2) states. Microglia acts as a double-end sword by both promoting and
ameliorating cognitive senescence. Cognitive impairment is a common condition
seen in elderly people. Microglia holds an upper hand in pathophysiology of
diseases, like Alzheimer’s, that impair cognitive health. Thus understanding the
action of microglia is essential for avoiding further depletion of cognitive activi-
ties. In this book chapter, we have discussed a detailed view on the senescence of
brain cells and the role of microglial cells senescence in the impairment of cogni-
tive functioning. Moreover we also discuss about various pharmacological and
nutritional approaches involved in the modulating microglial function thereby
restoring the cognitive functions.
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12.1 Introduction

Nervous system is an intertwined web of network constantly functioning to ease the
living system to communicate with its environment (Ludwig et al. 2022). Broadly,
nervous system is divided into central nervous system (CNS) and peripheral ner-
vous system (PNS). Brain is a versatile organ that controls the entire functioning of
the organism through responses, senses, emotions, movement, language, communi-
cation, thinking and memory (Maldonado and Alsayouri 2022). Each division of
brain is involved in a number of functions in order to maintain a balanced cognitive
stimuli and responses. Furthermore, brain is distinguished as two parts namely the
white and grey matter. The grey matter holds up majority of brain composition and
forms the cerebral cortex. The grey matter mainly consists of neuronal cell bodies,
dendrites, both myelinated and unmyelinated axons, glial cells, neuronal junctions
(synapsis) and blood vessels (Maldonado and Alsayouri 2022). The area underly-
ing, referred to as subcortical region, constitutes the white matter, majorly made up
of myelinated axons, with a fewer neuronal cell bodies and makes up the spinal cord.

Neurons and glial cells are the functional units of central nervous system (CNS).
Neuronal cells are mainly involved in the propagation of chemical and electrical
impulses. It is said that human brain is made up of approximately 100 billion neu-
rons with more or less 100 trillion synapses (Peters and Connor 2014). Rudolf
Virchow was the first to discover a new type of cell apart from neurons in the brain.
He found that these cells are involved in holding the neurons in their place and
named these cells as glial cells. However, advances in the glial cell research proved
that these cells possess various essential functioning namely, increasing synaptic
fidelity, providing trophic support and contributing to the immune response within
the brain. Thus glial cells are important type of cell contributing to CNS homeosta-
sis. Glial cells are non-conductive type of cells that are further divided into three
types namely, astrocytes, oligodendrocytes and microglial cells. Among the glial
cell population, astrocytes accounts for about 20-50% (Sofroniew and Vinters
2010). They play a vital role in metabolism, development of blood brain barrier,
maintaining a balanced osmolarity in brain and act as storage site of glycogen and
scavenging of unwanted debris (Peters and Connor 2014). Oligodendrocytes are
involved in providing insulation to axons present inside the CNS. An extension of
oligodendrocyte plasma membrane is labelled as myelin sheath. Microglia cells are
unique type of immune cells localized in brain. They act as a macrophage in the
brain playing a major role in exerting inflammatory properties and scavenging activ-
ity thereby providing innate immunity.



12 Pharmacological and Nutritional Approaches to Modulate Microglial Polarization... 245

After a course of development every individual organism is prone to a natural
time-based deregulation of physiological roles that are essential for existence of that
individual. This so-called process is referred to as ageing. The aging happening in
the brain is a complex process and has a special interest for researchers. On course
of ageing, brain undergoes structural, chemical and functional changes that have an
impact on normal functioning of an individual (Mattson and Arumugam 2018).
Cognitive pattern refers to the ability of conceptual reasoning, memory, processing
speed and vocabulary. Deterioration of cognitive functions may be due to natural
process as well as pathological condition. Growing researches in neuroscience have
pointed that cognitive impairments may be due to decrease in the grey and white
matter content, and decrease in levels of neurotransmitters contributing to age-
related cognitive changes.

12.2 Senescence

Hayflick and Moorhead were the first to define the term “cellular senescence” in the
year 1961 (Hayflick and Moorhead 1961). The growth and division of cells can be
arrested upon various triggers. This type of programmed cell growth arrest is called
as senescence; occurs mainly due to presence of unique phenotypic alterations and
inflammatory cytokines release (Kuilman et al. 2010). Senescence is a natural phys-
iological process occurring in the cells in order to regulate the cell proliferation and
division, thus acting as a blockade to cancer induction (Hanahan and Weinberg
2011). In simple terms, senescence cells are those cells that do not divide and pro-
liferate, but exhibit stable metabolic and biochemical functions. This action comes
upon different signalling cascade, stimuli and stress factors that trigger senescence
gene. Possible factors that are involved in triggering the senescence process are
alterations in the telomere morphology, telomeric arm shortening, oncogenic sig-
nals, activation of the mitogen related cascade, oxidative stress, radiation exposure,
epigenetic modifications, deformities of the chromatin structure, inflammation,
malfunctioning of mitochondria, perturbed proteostasis, xenobiotics and deficiency
of essential nutrients (Kuilman et al. 2010; Kumari and Jat 2021). Thus the extent
of stress imposed on a cell determines the fate of that cell by entering repair mecha-
nisms or entering the apoptotic pathway or cellular senescence (Surova and
Zhivotovsky 2013). Senescence cells exhibit unique characteristic features namely
excess of lysosome secretion, damage to the systemic macromolecules and initia-
tion of SASP (senescence-associated secretory phenotype) (Gorgoulis et al. 2018;
Saleh et al. 2018; Lee et al. 2006). These cells also show significant morphological
and structural changes with enlargement of cells, poly-nucleated, large vacuoles,
modified plasma membrane makeup and marked nucleus enlargement (Kumari and
Jat 2021). These changes in the senescent cells are the major reason for eliciting
growth arrest in cells and engaged in the formation of SASP secretome. This
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process has both beneficiary roles in the maintenance of normal physiology and has
an equal disadvantage during pathological conditions. Every cell has a limit to
divide and when its limit is attained, the cell will stop to divide and initiate ageing.

12.3 Ageing

Ageing is a natural process that can be described as a systematic progression in the
decrease of functionality (McHugh and Gil 2018). Thus ageing is characterized by
the gradual deterioration of every organ system in the body thereby leading to loss
of tissue function. This opens up the reason for increased risk for cardiovascular
disease, diabetes, kidney dysfunction, neuron degeneration and many more in the
aged people. On a broad classification, ageing is classified into three categories
namely primary, antagonistic and integrative (McHugh and Gil 2018). Primary age-
ing refers to the naturally occurring age-related deterioration, antagonistic refers to
the deterioration due to damage or injury or stress and integrative refers to the com-
bined effect of primary and secondary ageing that results in the loss of age-related
cell homeostasis (Table 12.1). There are number theories available for the better
understanding of mechanism of ageing. They are genetic programme theory, wear
and tear theory, telomere theory, endocrine theory, DNA damage hypothesis, error
catastrophe theory, mitochondrial theory, free radical theory and rate of living the-
ory (Park and Yeo 2013).

The process of ageing begins right from the birth of offspring. Various genetic
factors and environmental process are involved in determining the rate of ageing. As
ageing progresses there are a number of physiological and anatomical variations
seen in the living system. Moreover risk factors such as smoking, tobacco, alcohol,
hypertension, diabetes, stress etc. may also result in pathological ageing condition.
In terms of senescence theory, during the ageing process two types of actions occur
namely the senescent cells’ accumulation in tissues result in loss of tissue physiol-
ogy and senescent cells are involved in hindering the regenerative potential of stem
cells thereby losing the normal physiology of the cells (van Deursen 2014). During
ageing the senescent cells are found to emit a unique type of signals called paracrine
signals. These signals play an important role in affecting the nearby normal cells
and converting them to a senescent cell. The paracrine signals are involved in
recruiting inflammatory markers to the site (Di Micco et al. 2021). Though the
senescence plays a positive role in the control of cancer cell growth, it also has a
negative impact on the stem cells by hindering their proliferation and division (Paul
et al. 2022). Apart from ageing, various pathological conditions are associated with
cellular senescence namely osteoarthritis, pulmonary fibrosis, atherosclerosis,
Alzheimer’s disease, cancer and frailty (McHugh and Gil 2018).
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Table 12.1 List of various theories related to ageing

Theories

Description

References

Genetic
program theory

According to this theory, ageing in each and every individual
organism in a species is preprogrammed as they have their
own average life span

The theory suggests that there is an improvement in the
average life span of humans with not much change in the
maximum life span of human

This shows a clear statement that genetic mutations play an
important role in the extension of life span

This theory proposes that senescence gene controls age
associated decline in the biological functions

Troen (2003)

‘Wear and tear
theory

This theory believes that living system is encountered with a
number of injuries due to various reasons like accidents,
diseases, radiation, toxic substances and food

However this theory is not accepted, because there is no
change in the maximum life span changes even if an
organism is protected from damages

Harman
(1981)

Telomere
theory

Telomere shortening is linked with ageing process.
According to this theory the life span of an individual is
pre-programmed in accordance with the length of the
telomere

Wong and
Collins
(2003)

Endocrine
theory

This theory states that hormones have a major impact on the
life span expectancy as it proves that after menopause,
andropause and somatopause organisms showed an extended
life time when provided with hormonal supplements

Tatar et al.
(2003)

DNA damage
hypothesis

This hypothesis states that the loss of DNA repair
mechanism and increased susceptibility to DNA damage are
directly linked with the progression of ageing

Bohr and
Anson (1995)

Error
catastrophe
theory

This theory states that mutations in the central dogma can
lead to generation of defected genes, mRNA and proteins
which ultimately lead to the defective and damaged cells
formation

However, further researches are needed in this field

Weinert and
Timiras
(2003)

Mitochondrial
theory

This theory proposes that mitochondria is the major site that
releases a number of free radicles because it is majorly
prone to oxidative stress and damage. Thus free radical-
induced damaged mitochondria can result in decreased
functions which result in increased rate of ageing

Trifunovic
et al. (2004)

Free radical

This theory believes that generation of free radicles like

Beckman and

theory superoxide (O,7) and hydroxyl (OH~) anions, nitric oxide Ames (1998)
(NO), peroxynitrite (ONOO") are directly linked with
ageing of the individual
Rate of living This theory suggests that rate of energy expenditure is Park and Yeo
theory inversely proportional to lifetime. Thus increased energy (2013)

release results in short life span
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12.4 Microglial Cells and Inflammation

Microglial cells are immune cells present in the central nervous system character-
ized as mono nuclear phagocytic cells. They account for only 10% of the cells in the
brain. They evolve from early myeloid progenitor cells which are involved in the
building of neural tube that retains throughout the lifetime of the organism (Ginhoux
et al. 2010). In the process of development, these cells are involved in the regulation
of the neural circuit and synapse formation (Colonna and Butovsky 2017). However
when there is a damage or injury to the neuronal cells, microglial cells are actively
engaged in the clearing of the damaged cells via phagocytosis or by releasing
chemo-attractants, cytokines and neurotropic factors thereby providing an immense
response against the pathogens and stimulating tissue repair in the cells (Colonna
and Butovsky 2017). Thus microglial cell brings about cell-mediated immunity in
maintaining the normal physiology of the brain. It is now very well known that
microglial cells actively participate in precipitating a number of neurological dis-
eases like Alzheimer’s disease, brain injury and psychiatric diseases. Homeostasis
of microglial cells mainly depend on the signalling molecules namely colony stimu-
lating factor 1 receptor (CSF1R), protein kinase B and extracellular signal regulated
kinases (ERK) (Dai et al. 2002). The CSF1 ligand shares a similar structure with
Interleukin (IL)-34, though the basic amino acid makeup differs, binds with CSFIR
to elicit its action (Chitu et al. 2016). Upon mutation or damage or knockout of this
receptor, there is a marked reduction in the release of microglial cells. However
there are two more important proteins that are involved in maintaining the number
of microglia, called the adapter protein DAP12 and interferon regulatory factor
(IRF)-8. Upon DAP12 gene and IRF-8 gene mutation, there is a marked reduction
in the microglial cell population. Table 12.2 enlists various pathological condition
in which microglia play an important role.

Microglial cells express wide range receptors for the binding of various mole-
cules as well as neurotransmitters to elicit its functions. They express a number of
pattern-recognition receptors (PRRs), scavenger receptors, immune receptors and
receptors for neurotransmitters (Table 12.3).

As the microglia cells mature and age, they are more prone to proinflammatory
triggers which are referred to as microglia priming (Norden and Godbout 2013).
They have the ability to elicit a prolonged and persistent action upon stimulus.
These types of primed microglia are characterized with a larger soma and small
dendritic arbours. They respond to cytokines namely TNF-a, IL-1f, IL-6, IL-10 and
TGF-f; and express certain specific markers such as MHC-II, AXL, Lgals3 and
CD1IC (Holtman et al. 2015). Condition in which downregulation of inhibitory
neuronal ligands expression namely, fractalkine, CD47, CD200 and siglecs occurs
is also involved in microglia priming.
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12.5 Microglia Polarization and Cognitive Senescence

Microglia cells are either in active state or resting state. Microglia is believed to be
found in two phenotypes during active state namely M1 (classic path) and M2
(alternate path) phase, in which the M1 phase is the active phase involved in elicit-
ing the inflammatory action and the M2 phase is involved in exhibiting the anti-
inflammatory action of microglia cells, thus playing a regulatory role. Therefore the
M1 phenotype is involved in the precipitation of inflammatory neurodegeneration
and the M2 phenotype is involved in the neuroprotection action and tissue regenera-
tion processes. Liposaccharides and interferon-y are found to stimulate M1 microg-
lia; and interleukin-4 (IL-4)/IL-13 are found to stimulate M2 phenotype (Kwon and
Koh 2020). Specific markers namely, IL-1p, IL-6 and inducible nitric oxide syn-
thase; and arginase 1 (ARG1), chitinase-3-like-3 (CHI3L3/YM1), and found in
inflammatory zone 1 (FIZZ1) are used to identify the presence of M1 and M2 phe-
notypes, respectively (Jin et al. 2018). However the inflammatory action of microg-
lia cells is regulated by M2 phenotype and various other factors. PGC-1-related
coactivator (PRC) is largely expressed on M2 microglia cells. Moreover the exces-
sive expression of PRC gene is involved in increasing the expression of other mark-
ers expressed on M2 cells namely, ARG1, FIZZ1 and YM1 (Mou et al. 2015).
Trehalose6,60-dibehenate (TDB) is another regulatory molecule that is involved in
decreasing protein markers expression on M1 cells (Mohanraj et al. 2019). Ageing
is an important factor that determines the expression of either of microglia pheno-
types. Studies reveal that upon ageing there is a marked increase in the expression
of M1 phenotype protein markers, thereby increasing the proinflammatory condi-
tion and decreased expression of M2 protein markers (Zhang et al. 2020).

The most common type of senescence affecting cognition is seen in Alzheimer’s
disease. In AD there is a marked increase in the expression of proinflammatory
protein marker on the M1 in the brain. Most importantly gene encoding TNF-a is
found predominantly on the frontal cortex in the AD patients. Contrastingly they
also expressed protein markers, namely YM1, in the cortex region of the brain. This
shows that both classic and alternate pathways of microglia are activated (Colton
et al. 2006). There are three main pathophysiological processes that are happening
in AD, firstly, interaction of Amyloid-f (Af) and microglia cells, secondly, interac-
tion with tau proteins and thirdly, microglia-mediated synaptic dysfunction. Upon
aggregation of AP in the CNS, the activation and recruitment of microglia occurs
(Glass et al. 2010), which further promotes the generation of a proinflammatory
cytokine (iNOS, TNF-a, IL-6, IL-1p) wave. On the other hand, they are involved in
the clearance of plaque aggregates via phagocytosis and proteases-mediated degra-
dation (Kettenmann et al. 2011). Similarly tau proteins are also involved in the
accumulation of microglia cells in the vicinity. The activation of microglia in this
condition is mediated by NLRP3 inflammasome which is responsible for the release
of inflammatory cytokine IL-1f (Ising et al. 2019). Another important feature is that
the synaptic dysfunction plays a major role in the AD precipitation. This is mainly
due to neuronal degeneration and death due to the production of inflammatory cyto-
kines at specific sites. TNF-o and IL-1f are the two main cytokines found increased
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Fig. 12.1 Illustration on the role of microglia in Alzheimer’s disease progression and
amelioration

in the AD and responsible for the synaptic damage in AD patients (Xiao et al. 2020).
Thus in AD, the microglia cells play a dual role in both promotion of the disease
condition and also amelioration process (Fig. 12.1).

12.6 Pharmacological Approach in Cognitive Senescence

It is important to understand the pathology underlying in AD and microglia to draw
a definite pharmacological target design in order to bring a better amelioration pro-
cess. Thus an efficient pharmacological approach in treating AD patients should be
the potential target that would compromise the ill microglia and not the beneficial
one. Thus the drug should be designed with more specificity to alter the microglial
phagocytosis. From the above information it is now evident that M1 activation and
its phagocytic action are greatly stimulated by the presence of AP and tau protein
aggregates. But on the other hand the inflammatory conditions generated by the
microglia cells itself have an impact on the formation or progression of AP and tau
aggregates. Moreover there is extensive damage to the neurons and synaptic clefts
on account of inflammation produced by the microglia cells in AD condition. Thus
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targeting the molecular pathways in which microglia cells activate will aid in for-
mulating a definite target for AD treatment.

Many other markers like the CD40 gene, responsible for recruiting of TNF-a, is
found to be upregulated and a M2 marker CD11 is found to be upregulated in the
AD patients (Kamphuis et al. 2016). Evidences prove that there is a major part of
microglia involved in pathophysiology of AD. A study by Nordengen et al. showed
that there was a marked increase in the expression of microglia marker namely,
soluble triggering receptor expressed on myeloid cells 2 (sSTREM2) in the cerebro-
spinal fluid of patients diagnosed at preclinical stage, mild impairment in the cogni-
tion in AD when compared to normal healthy individuals (Nordengen et al. 2019).
Expression of TREM is linked with the expression Argl, which is responsible for
the phagocytic action of microglia cells. This adds point that TREM deficiency is
linked to decreased expression of Argl, therefore decreased phagocytosis and thus
progression of AD (Zhang et al. 2018). CD33, a majorly expressed gene in microg-
lia and macrophage, is largely expressed in AD condition promoting inflammation.
Whereas when CD33 was knocked out, there was anti-inflammation occurring and
formation of inflammasome (Griciuc et al. 2013). P2X7 receptor drastically
increases in AD patients in the later stages with no significant change in the early
stages. They are actively involved in neurodegenerative process and promoting
inflammatory microenvironment. Upon activation of this receptor, the microglia is
instructed to move towards the senile plaques whereas upon deactivation of the
receptor, there was marked increase in phagocytosis (Martinez-Frailes et al. 2019).
Another potential target is TLRs knockout. TLR knockout showed a transitional
change from M1 to M2 phenotype in AD patients (Liu et al. 2012). Thus targeting
these protein biomarkers in AD patient would be efficient in the management and
amelioration of the disease.

12.7 Nutritional Approach in Cognitive Senescence

There are various agents involved in producing damage to the CNS. Though some
injury and damage are inevitable some modifications can be made to protect the
brain from injuries. In this context, diet and lifestyle modifications are two main
aspects that are related to brain health. Deterioration of cognition is only evident
when there is more burden on CNS (Clare et al. 2017). Normally ageing is a resul-
tant of a number of factors like oxidative stress, inflammation and vascular diseases.
These factors are also seen in neurological diseases development, thus upon unfa-
vourable conditions these factors are involved in the aggravation of pathological
states. Studies reveal that amount of protein intake is related to cognition health
with visuospatial function, verbal fluency, processing speed and sustained attention
(Li et al. 2020; Okereke et al. 2012). Studies relate that high-fat diet consumption is
strongly associated with impaired cognitive functions. One author states that high-
fat diet triggers the hippocampus to generate an array of neuro-inflammatory mark-
ers upon immune challenge that could result in memory impairments (Spencer et al.
2017). Moreover high-fat diet is linked to other pathological conditions, namely
insulin resistance, obesity, impaired glucose metabolism and many more. These
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conditions play a major role as risk factors in AD pathology (Barbagallo and
Dominguez 2014). Thus diets with low fat could be ideal for the prevention of cog-
nitive decline. Moreover intake of polyunsaturated fatty acids (PUFAs), eicosapen-
taenoic acid (EPA), docosahexaenoic acid (DHA) and omega-3 fatty acids is found
to improve the functioning of neurons, endothelial cells and glial cells in the brain
by altering neurotransmission, down-regulate neuroinflammation and induce neuro-
nal growth (Bazinet and Layé 2014). Vitamins are recognized for their role in
improving cognition. Especially B group vitamins are mainly investigated for their
beneficial role in cognition health (Dangour et al. 2015). In this study the author
suggests that B-group vitamins are involved in improving the cognitive functions of
individuals in their mid-age. Moreover women in their postmenopausal stage exhib-
ited mild cognitive impairment due to low folate intake which could serve as a risk
factor for dementia and AD. Vitamin D is also found to play an important role in
cognition homeostasis. A study suggests thatindividuals with low 25-hydroxyvitamin
D (25(OH)D) levels in the serum is associated with impaired cognition and AD
when compared with healthy individuals (Goodwill and Szoeke 2017). A systematic
analysis by Etgen et al. showed that population with Vitamin D deficiency exhibited
impairment in cognition (Etgen et al. 2012). Similarly Vitamin C and E supplemen-
tation also showed a marked improvement in cognitive health in older people
(Basambombo et al. 2017). Apart from these vitamin supplementation, the level of
iron in the blood also plays a vital role in maintaining the homeostasis of brain. Iron
deficiency is also associated with cognitive impairment due to dysregulations in the
neurophysiological mechanisms of CNS (Smyth et al. 2015).

12.8 Conclusion

In conclusion, cognitive senescence is an inevitable process upon ageing. However
this can be manageable with various treatment approaches. It is essential to acquire
in-depth knowledge on the process of cognitive senescence and the role of microglia
in it. As microglia displays a dual role in both promoting and detrimentally affecting
the cognitive senescence, it is very much necessary for the researcher to identify a
correct target during drug development process against microglia function.
Furthermore, ongoing research is exploring various pharmacological and nutritional
interventions like (olyunsaturated fatty acids (PUFAs), eicosapentaenoic acid
(EPA), docosahexaenoic acid (DHA) and omega-3 fatty acids, vitamin D,C and E)
to improve cognitive function in individuals experiencing age-related decline.
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Role of Gut Brain and Gut Oral Axis 1 3
in Progression of Parkinson’s Disease
with Special Focus on Gut Microbes
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Abstract

The function of the microbiome in human health and disease has become one of
the most important issues in modern medicine. Currently, a growing number of
studies are being done to explain the connection between the prevalence of
Parkinson’s disease and gut microbial dysbiosis. Both the central nervous system
(CNS) and the enteric nervous system (ENS) are affected in a specific way by gut
microbial dysbiosis, suggesting that there is a gut-microbiota-brain axis that
underlies CNS abnormalities. Neuroinflammation and gut-inflammation-immune
responses are suppressed by certain gut microbes, Certain gut microbes exhibit a
double-edged sword effect, potentially influencing the development of
Parkinson’s disease in both detrimental and protective ways. The immune sys-
tem, the metabolism of tryptophan, the vagus nerve and the ENS are some of the
pathways by which the brain and gut microbiota communicate. These pathways
also involve microbial metabolites such as short-chain fatty acids (SCFAs),
branched chain amino acids and peptidoglycans. Moreover, oral Porphyromonas
gingivalis (P. gingivalis) has been shown in animal models to influence the gut-
brain axis, which may indicate the existence of an oral-gut-brain axis.
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13.1 Introduction

Loss of dopaminergic neurons in the substantia nigra pars compacta is the primary
cause of Parkinson’s disease (PD), a multifocal, progressive neurodegenerative con-
dition (Kang et al. 2021). It is a common neurological degenerative condition in the
elderly also known as tremor paralysis and it is characterised by substantia nigra
and striatum lesions (Liepelt-Scarfone et al. 2013). After Alzheimer’s disease, PD is
the second most prevalent neurodegenerative disorder that affects people globally.
The incidence and prevalence of PD have increased year over year due to the accel-
eration of the population ageing process and the decline in physical abilities of
senile patients (Hirsch et al. 2016). Global PD prevalence was estimated to be
between 4.1 million and 4.6 million in 2005, and it is predicted that in the most
populous countries, this number will probably multiply to the range of 8.7-9.3 mil-
lion by 2030 (Wang et al. 2020). PD is estimated to affect about 1% of populations
over the age of 60 (Bekris et al. 2010). An intriguing phenomenon is that PD indi-
viduals who experience gastrointestinal (GI) symptoms may do so several years
before they experience conventional motor symptoms (Chen et al. 2015). The dis-
ruption of the GM can lead to a-synuclein (a-syn) buildup in the enteric nerve cell,
which can simultaneously initiate mucosal inflammation and oxidative stress (Chen
et al. 2019). Thus, researchers gave the notion that PD may begin in the GI system
and transmit to the brain through the gut-brain axis (Liu et al. 2020).

The gut-brain axis comprises the central, autonomic and enteric nervous system
(ENS) modulated by the gut microbiota through immunological, neuroendocrine
and direct neural mechanisms (Mulak and Bonaz 2015). It is a vastly studied arena
which constitutes a communication centre between the brain and the gut microbiota
of the GI tract, aiding in the maintenance of homeostasis (Bercik et al. 2012). The
intricate pathways of communication of the gut-brain axis are maintained through
the vagus nerve and pelvic nerve in mammals (Powell et al. 2017). Gut-derived
inflammation in central nervous system (CNS) has found substantial importance in
the research aiming to pinpoint the role of gut microbiota in neurodegenerative dis-
eases (Perez-Pardo et al. 2019). The diversity and composition of the colon reaches
the adult microbial profile at around 3-5 years of age, consisting of ~3.8 x 10"
microorganisms (Sender et al. 2016a, b). Neural, immune and hormonal pathways
regulate brain functioning by gut microbiota (Galland 2014). Disruptions in the
mucosal integrity of the intestine alters the gut homeostasis, which further leads to
inflammation and generation of reactive oxygen species (ROS) in the lumen (Ha
et al. 2014). In addition to the gut microbiota, the nasal and oral cavities represent
two significant entry points for a potential pathogenic agent that could spread to the
CNS and be linked to the development of PD (Miiller et al. 2011; Pereira et al. 2017).
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13.2 Gut Microbiota

The gut microbiota (GM) contains a diverse array of microorganisms (~3 x 10'?)
comprising bacteria, fungi, viruses and other eukaryotic organisms of lower com-
plexities. Nevertheless, bacteria dominate other microorganisms in the gut through
its activity of anaerobic carbohydrate breakdown of substances which are incompat-
ible for the human digestive system (Lubomski et al. 2020). Initiation of the devel-
opment of GM commences from birth itself, being vital for further development of
immune and ENS (Gomez de Agiiero et al. 2016). It forms a protective barrier
against debilitating external stimuli and is adaptive to the changes in diet, lifestyle
and the surrounding environment (Zuker 2015). An alteration in the composition of
GM is brought about by the changes in diet, exercise, probiotic supplements, antibi-
otics and colonisation of invasive pathogenic microorganisms (Sommer and
Biéckhed 2013; Costello et al. 2012). GM aids in the strengthening of intestinal bar-
rier through the production of bactericides, which inhibits the colonisation of poten-
tially pathogenic foreign microbes (Maslowski and Mackay 2011). GM composition
during adulthood remains stable in spite of constant variations in the gut environ-
ment (Lozupone et al. 2012).

The gut microbiota hosts a wide range of microorganisms comprising bacteria,
archaea, fungi and viruses, comparable to the number of cells residing in the body,
thereby considered recently as a new organ or even a system (Sender et al. 2016a,
b). The enteric microbiota distributed along the human GI tract was found to be
quite stable throughout healthy individuals in terms of relative abundance and dis-
tribution, although the microbe profile is unique for each individual and can be
considered as a personal microbial fingerprint or enterotype (Costea et al. 2018).
Nevertheless, the most dominant phyla in the gut with about 51% and 48% are
Firmicutes and Bacteroidetes, respectively. Other phyla with relatively lower abun-
dance are Actinobacteria (including the Bifidobacteria genera), Proteobacteria,
Spirochaetes, Cyanobacteria, Lentisphaerae, Fusobacteria and Verrucomicrobia
(Eckburg et al. 2005).

GM interacts with the gut-brain axis in a number of ways, predominantly through
the modulation of intestinal barrier function (Carabotti et al. 2015). The intestinal
inflammation associated with PD, which causes alteration in the gut microbiota
composition, may be the reason for a-syn misfolding (Mulak and Bonaz 2015). The
role of Helicobacter pylori was enumerated in numerous studies related to its
involvement in PD pathophysiology. Although some studies were unable to prove
that H. pylori eradication improves motor symptoms through better absorption of
levodopa (Rees et al. 2011), a few others proved that H. pylori infection is associ-
ated with deteriorated motor functions in PD (Tan et al. 2015). Another study which
compared GM with clinical PD, in which faecal microbiomes of individuals with
PD were compared with healthy controls, revealed that in individuals with PD there
was a reduction in Prevotellaceae, which plays a dual role of producing health-
promoting short-chain fatty acids (SCFAs) and also synthesis of the vitamins thia-
mine and folate (Arumugam et al. 2011). In addition to this, there was found to be a
positive correlation between the abundance of Enterobacteriaceae with postural
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instability and gait difficulty (PIGD) phenotype than tremor dominant (TD) pheno-
type individuals (Scheperjans et al. 2015). In another study, the mucosal microbial
communities and faecal microbial communities of PD affected individuals were
compared with that of healthy individuals. It was concluded that the variations in
the faecal communities were more pronouncing than that of mucosal communities.
A reduction in butyrate-producing bacteria belonging to the genera Blautia,
Coprococcus and Roseburia were observed in faecal communities of PD samples,
which indicates a possible explanation for gut leakiness. This might also be a valid
explanation for the increase in inflammation during PD, as these genera are associ-
ated with anti-inflammatory effects. Consistent with this result, the abundance of
pro-inflammatory Proteobacteria of the genera Ralstonia increased substantially
during this period (Keshavarzian et al. 2015). Substantial reduction in SCFAs such
as propionate, acetate and butyrate were observed in elderly individuals affected
with PD, which was greater than age-matched controls (Unger et al. 2016).

13.3 Involvement of Gut in Parkinson’s Disease

Regarding the involvement of gut in the pathogenesis of PD, particularly as an ini-
tiation point in PD pathology, a dual-hit hypothesis was put forward. This hypoth-
esis suggests that a neurotropic pathogen, such as a virus, may enter the brain
through two routes—nasal and gastric routes. The pathogen may enter the gastric
compartment when nasal secretions (in which the pathogen is present) are intro-
duced into the saliva, and ingested along with it. On reaching the GI tract, these
pathogens may move into the preganglionic parasympathetic motor neurons of the
vagus nerve by trans-synaptic transmission through axons of Meissner’s plexus, by
initially penetrating the epithelial lining. This would ultimately lead to the transport
of the pathogen into the substantia nigra (Hawkes et al. 2007). The possibility of a
prion-like propagation of a-syn pathology across the nervous system was also sug-
gested regarding the PD pathogenesis from this hypothesis (Li et al. 2008). The
hypothesis also supports the idea finding that a-syn aggregation may start in the gut
and spread to the brain via the vagus nerve (Vuuren et al. 2020). This notion is
backed by reports of a-syn inclusions being found in the ENS, including the vagal
nerves, often years before the development of the first motor manifestations
(Shannon et al. 2012).

The gold standard for definite diagnosis of PD is the detection of a-syn aggrega-
tion accompanied by neuronal loss in substantia nigra in brain by immunohisto-
chemistry (Ruffmann and Parkkinen 2016). One of the hallmark GI dysfunctions
associated with PD is constipation. It might precede the motor symptoms associated
with PD, by over 10 years making it a litmus test for early detection of the patho-
logical processes that lead to PD (Berg et al. 2015). A malabsorption syndrome
characterised by increased bacterial density and/or presence of colonic-type species
in the small intestine known as small intestine bacterial overgrowth (SIBO) is highly
prevalent in individuals with PD (Gasbarrini et al. 2007; Tan et al. 2014). SIBO
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might lead to increased intestinal permeability, which aids in bacterial translocation,
thus propagating inflammatory response (Chen and Quigley 2014).

13.4 Inflammation in Parkinson’s Disease

A comparative study of the autopsies of PD patients and healthy controls revealed
an increased activation of microglial cells in the substantia nigra of PD patients than
those of healthy controls. Neuroinflammation serves as an initiation point, as well
as propagative factor of PD (McGeer and McGeer 2004). Meta-analysis studies
demonstrated an increased peripheral expression of the inflammatory cytokines,
viz., interleukin (IL)-6, tumour necrosis factor (TNF), IL-1p, IL-2, IL-10, C-reactive
protein (CRP) and Regulated upon Activation, Normal T Cell Expressed and
Presumably Secreted (RANTES) in different groups of PD patients than in healthy
controls (Qin et al. 2016). Chronic inflammatory diseases such as Crohn’s disease
and ulcerative colitis which causes dysbiosis of the GI tract constitute risk factors
for the development of PD (Zhu et al. 2019). A higher level of inflammation (Houser
et al. 2018) and increased intestinal permeability have been reported in PD (Forsyth
et al. 2011). Glial cell dysregulation and its potential association with the develop-
ment of inflammation have been observed in CNS of PD patients. Elevated levels of
pro-inflammatory cytokines such as IL-6 and TNF-a have been observed in the
cerebrospinal fluid (CSF) of PD patients (Dutta et al. 2019).

13.5 Gut Dysbiosis

Alterations to the anatomical and/or functional makeup of the gut microbiota that
disturb gut homeostasis are known as gut dysbiosis. Many factors, including dietary
changes, antibiotic exposure, infections, disease conditions and ageing, might affect
this equilibrium (Sommer and Bickhed 2013). According to one study, gut dysbio-
sis causes changes in the brain’s microglial signalling and the ratio of SCFA, par-
ticularly butyrate, which result in the development of the disease and the emergence
of PD-related motor symptoms (Sampson et al. 2016). Scheperjans et al.’s study
was the first to examine the connection between gut dysbiosis and PD. These
researchers discovered a decrease in Prevotellaceae abundance and an increase in
Enterobacteriaceae abundance in PD patients. These abnormalities in microbiota
species were linked to postural instability and gait disorder in PD patients
(Scheperjans et al. 2015). The fact that microbial species harvested from PD patients
showed lower levels of Prevotella, Lactobacillus, Peptostreptococcus and
Butyricicoccus spp. and an increase in Proteus and Enterobacter spp. compared to
healthy controls provides additional evidence for the involvement of gut dysbiosis
in the pathogenesis of PD (Sampson et al. 2016). The alterations associated with the
gut microbiota and their mechanisms are described below (Table 13.1).
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13.6 Microbiota-Gut-Brain Axis

The GM and CNS stimulate each other through a two-way pathway which com-
prises neural, immune and endocrine signals (Morais et al. 2021). The microbiota-
gut-brain axis (MGBA) comprises several mediators comprising neurosynaptic
pathways of vagal nerve, autonomic and enteric nervous systems, along with neuro-
immune and neuroendocrine pathways, which connects the brain and GI tract, thus
upholding its integrity (Cryan and O’Mahony 2011; Grenham et al. 2011). The
MGBA outplays most other systems as a crucial entity for the regulation of diges-
tion and maintaining metabolic homeostasis, under physiological conditions. A
plethora of mechanisms can disrupt cognitive activities, behaviour, learning and
neuropsychiatric conditions (Cryan and Dinan 2012; Hsiao et al. 2013). One of the
predominant predisposing factors for PD pathogenesis is the dysregulation of
MGBA, leading to neurodegeneration throughout the gut-brain axis, due to the
accumulation of a-syn from the gut till brain and LB formation (Braak et al. 2006).
The GM is capable of synthesising numerous neurotransmitters such as dopamine,
serotonin, noradrenaline and neuromodulators like y-amino butyric acid (GABA)
and SCFAs, which aid in regulating blood flow, gut motility and nutrient absorption,
apart from assisting the innate immune functionality of the GI tract (Mulak and
Bonaz 2015; Asano et al. 2012). The development and function of all subsidiaries of
the nervous system is swayed by the gut microbiota through the ENS (Diaz Heijtz
etal. 2011), an association established during the evolution of microorganisms itself
(Santos et al. 2019). The co-evolution of GM with its host keeps a check on the
competitive nature among the microorganisms comprising the microbiome, through
the immune and nervous systems (Powell et al. 2017; Galley et al. 2014; Foster
etal. 2017). A key player in the transmission of signals to the CNS from the GM via
the vagus nerve is a sub-type of intestinal epithelial cells called enteroendocrine
cells (Kaelberer et al. 2018; Hoffman and Lumpkin 2018). These cells express a
diverse array of hormones/peptides that act as signalling molecules by binding to
specific targets, and they also act as chemoreceptors by responding to a variety of
intestinal stimuli (Latorre et al. 2016).

One of the paramount effects of GM on CNS is appreciated through behaviour
modifications of the host (Johnson and Foster 2018; Akami et al. 2019), which
depends on the fitness of the concerning bacterial population (Santos et al. 2019)
(Fig. 13.1). In the host, levels of neurotransmitters such as serotonin (5-HT), norepi-
nephrine (NE), dopamine, GABA and glutamate, which are all necessary for the
expression of social behaviour, are regulated by bacteria (Liu et al. 2017; Strandwitz
et al. 2019).



13 Role of Gut Brain and Gut Oral Axis in Progression of Parkinson'’s Disease... 269

Neuronal a-synuclein
. aggregation

Central Nervous System

Substantia nigra

Blood Vessel
.

o Q

[ ] © [ ] Blood Vessel
Enteric Nerve | |
By
i 20 g Lamina
X c ] o0« Propria

a-synuclein

sqgregation t
. . . . ] . e 0 . . . @ | L BK B BN O
Llii,’T‘l R

, |
o F L e ‘§ ou

Enteric Nervous System ; * P

¥ - ® ‘." ’ ® ___‘\_ @ Lumen

Fig. 13.1 Vagus nerve pathway and non-vagus nerve pathway involved in generating the inflam-
mation of CNS which leads to Parkinson’s disease

13.7 Bacterial-Derived Products and Potential Effects
in Parkinson’s Disease Pathology

13.7.1 SCFA

A decrease in the amount of SCFA-producing bacteria have been reported, particu-
larly from the bacterial families of Prevotellaceae, Lachnospiraceae and
Ruminoccocaceae, in faeces and/or intestinal mucosa of PD patients. They are bear-
ers of potent anti-inflammatory and anti-oxidant properties (Scott et al. 2013), in
addition to intestinal epithelial barrier’s function (D’Souza et al. 2017). The three
major forms of SCFAs related to gut integrity are:

13.7.1.1 Butyrate

Owing to the diverse properties of butyrate such as anti-inflammatory effects, regu-
lation of the expression of genes related to cell-survival, regeneration and plasticity,
it is gaining utmost importance. Apart from this, neuroprotective activity takes place
through histone deacetylase’s (HDAC) inhibitory activity (Bourassa et al. 2016;
Arpaia et al. 2013). Experiments in mouse models of PD have shown that the DNA
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damage induced by a-syn can be reversed by sodium butyrate (Paiva et al. 2017).
Other potential beneficial effects of butyrate in PD involves the following:

1. Strengthening the integrity of blood-brain barrier (BBB), which is disrupted in
PD through HDAC’s inhibiting activity (Gray and Woulfe 2015).

2. Intestinal barrier integrity is reinforced by modulating tight junction protein
expression between epithelial cells (Stilling et al. 2016).

3. Inhibiting colonic inflammation (which characterises PD) by inducing apoptosis
in the colonic T cells and modulating the T-regulatory cells activity (Zimmerman
et al. 2012; Furusawa et al. 2013).

13.7.1.2 Propionate

In numerous studies involving the faeces of PD patients, a significant reduction in
the abundance of Prevotella was observed. This is particularly important because,
this genus is concerned with the production of propionate (Chen et al. 2017). Several
other properties are synonymous to that of butyrate, such as inhibition of HDAC
(Arpaia et al. 2013), anti-inflammatory activity and BBB protective properties
(Hoyles et al. 2018).

13.7.1.3 Acetate

This SCFA acts as a substrate for Butyrate Producing (pBP) bacteria and propio-
nate-producing bacteria to compose their respective SCFAs, i.e., butyrate and pro-
pionate (Ferndndez et al. 2016; Koh et al. 2016). An increase in the abundance of
putative-acetate-producing bacteria such as Bifidobacterium, Clostridium clusters,
Lactobacillus and Akkermansia muciniphila were reported in the studies (Bullich
etal. 2019).

Contrary to the above-mentioned beneficial effects of SCFAs, negative impacts
related to SCFAs were suggested, in which they led to inflammation, subsequently
leading to a-syn aggregation and a-syn-dependent microglia activation. All these
cascades into impaired motor function via amplified a-syn pathology (Sampson
et al. 2016).

13.7.2 Mucin-Degrading Activity

The major mucin-degrading bacteria in the colonic compartment comprises the gen-
era of Ruminococcus, Prevotella and Akkermansia (Arumugam et al. 2011). In the
case of Ruminococcus and Prevotella, a reduction in their abundance indicates
lower mucin synthesis in the colonic mucosal layers, thus directly leading to pro-
nounced mucosal permeability (Brown et al. 2011). Subsequent entry of bacteria
into the inner mucus layer triggers colonic inflammation through the activation of
epithelial immune cells (Jakobsson et al. 2015; Schwab et al. 2014). Akkermansia
muciniphila has been credited for the strengthening of the epithelial layer of the
intestine (Reunanen et al. 2015). Based on the studies, it can be concluded that there
exists an equilibrium between mucin degradation by Akkermansia muciniphila and
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mucus synthesis by the host (Derrien et al. 2011, 2017). Nevertheless, if this com-
pensatory mucus synthesis by host is impaired, it would ultimately lead to leaky gut,
and eventually inflammation (Bullich et al. 2019).

13.7.3 Hydrogen Production

In mouse and rat models of PD, the intestinal gaseous neurotransmitter hydrogen
sulphide (H,S), which is generated by Prevotella (Linden 2014), protects the dopa-
minergic neurons of the SN (Hu et al. 2010; Kida et al. 2011). Consequently, a
decline in Prevotella is presumably going to result in intestinal H,S underproduc-
tion, which will reduce its availability to dopaminergic neurons in the nigrostriatum
(Ostojic 2018). Prevotella is not the only probable hydrogen-producing genus;
some reviewed research also noted a decline in the population of Roseburia (Vogt
et al. 2015). When H,S levels are low, LPS-induced microglial inflammation that
leads to neurodegeneration may become more pronounced (Peterson and Flood
2012), which implies the potential advantageous qualities of H,S (Hu et al. 2007).
During hydrogen depleted conditions, a substantial reduction in the abundance of
putative hydrogen-consuming bacteria Blautia was observed (Bik et al. 2018).

13.7.4 Vitamin Biosynthesis

Prevotella-dominated GM enterotypes are linked to a better ability for thiamine
biosynthesis (Arumugam et al. 2011). Prevotellaceae and Prevotella were less fre-
quently found in PD patients’ faeces in some of the studies conducted, which is
consistent with the previously described thiamine deficiencies in PD patients (Jhala
and Hazell 2011; Costantini et al. 2015) as well as the olfactory dysfunction linked
to low levels of thiamine in the early stages of the disease (Haglin et al. 2017).
Similarly, Bacteroides has been associated to increased riboflavin production, which
has shown potential neuroprotective effects in Parkinson’s disease given that ribo-
flavin deficiency may induce an upregulation of PD pathways (Bullich et al. 2019).

13.7.5 Intestinal Ghrelin Secretion

In studies, Prevotella levels in PD faeces were found to be lower, whereas levels of
Bifidobacterium and Lactobacillus were found to be higher. These bacterial changes
have been linked to a decrease in ghrelin release in the intestine (Queipo-Ortuiio
et al. 2013). Likewise, regardless of the disease stage, ghrelin concentrations are
low in the plasma of PD patients (Song et al. 2017), and a mouse model of PD gen-
erated by MPTP has shown that the acylated isoform of ghrelin exerts neuroprotec-
tive effects on dopaminergic neurons in the SN (Bayliss et al. 2016; Moon
et al. 2009).
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13.8 Correlation Between GM Alterations and Parkinson’s
Disease Clinical Features

To gain an insight into the relations between GM variations and PD clinical fea-
tures, and to assert whether there is any impact for GM on the clinical features,
several studies were required:

13.8.1 Disease Severity

According to the unified PD rating scale (UPDRS), the prevalence of Enterococcus
and Escherichia-Shigella was positively correlated with disease severity, while the
prevalence of Bacteroides fragilis, Bifidobacterium, Blautia, Ruminococcus and
Faecalibacterium was negatively correlated with disease severity (Li et al. 2017,
Minato et al. 2017; Qian et al. 2018). Indeed, a study revealed a notable decrease in
Faecalibacterium in the group with severe PD as opposed to a lower decline reported
in the group with mild PD (Li et al. 2017). Moreover, Prevotellaceae abundance was
associated with UPDRS-III (Scheperjans et al. 2015). According to these results,
GM may alter as the ailment advances, ostensibly towards a more proinflammatory
bacterial profile (Keshavarzian et al. 2015; Winter and Bdumler 2014). Based on the
studies using Bifidobacterium and Atopobium as models to predict worsening of
total UPDRS scores, only Bifidobacterium was correlated with lowering of UPDRS-I
(Minato et al. 2017).

13.8.2 Parkinson’s Disease Duration

Bacteroidetes,  Enterococcus,  Lactobacillus  spp., Proteobacteria  and
Ruminococcaceae had positive correlations with PD duration, while Blautia,
Clostridium  spp., Faecalibacterium, Ruminococcus, Lachnospiraceae and
Firmicutes had negative correlations (Hasegawa et al. 2015; Keshavarzian et al.
2015; Li et al. 2017; Qian et al. 2018). It’s interesting to note that the majority of
bacteria-producing SCFAs have negative correlation with disease duration. As a
result, a steady decline in these bacterial taxa could result in a depletion in SCFA
production, which would eventually result in a decrease in the antioxidant, anti-
inflammatory and neuroprotective properties of SCFAs as well as an increase in
inflammation and intestinal permeability (Bullich et al. 2019).

13.8.3 Medication

Levodopa equivalent doses were found to be adversely associated with Dorea and
Phascolarctobacterium (Qian et al. 2018), and catechol-O-methy] transferase inhib-
itor intake was found to be negatively correlated with Enterobacteriaceae
(Scheperjans et al. 2015). Overall, these investigations indicate that GM
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composition changes may take effect even in patients with early-stage PD diagno-
sis. Longer disease duration makes these alterations worse, probably as a result of
PD medication (Hill-Burns et al. 2017), constipation (Cao et al. 2017), disturbed
sleep (Voigt et al. 2016) and more severe intestinal inflammation (Hooper et al.
2012). Furthermore, a recent study suggests that high levels of intestine bacterial
tyrosine decarboxylase in PD patients restrict the availability of L-dopa, indicating
that GM can alter drug efficacy in addition to GM composition (Van Kessel
etal. 2019).

13.8.4 Motor Symptoms

Motor symptoms were related to Aquabacterium (Proteobacteria), Anaerotruncus
(Clostridiaceae, Firmicutes), Clostridium XIVa, Peptococcus (Firmicutes) and
Lachnospiraceae abundances (Heintz-Buschart et al. 2018; Qian et al. 2018).
Moreover, another study demonstrated a positive correlation between the preva-
lence of Enterobacteriaceae and the severity of motor impairments in PD patients
with postural instability and gait difficulty (PIGD). The PIGD phenotype may indi-
cate a more severe a-syn disease in the colon, as demonstrated in that study
(Scheperjans et al. 2015). In PD patients, Escherichia coli staining was found to
positively correlate with a-syn staining, according to another study (Forsyth et al.
2011). Hence, a greater translocation of E. coli (Enterobacteriaceae) into the colonic
mucosa, resulting in a more severe a-syn pathology and perhaps leading to the
PIGD phenotype, may account for the correlation between the levels of
Enterobacteriaceae and the aforementioned motor phenotype (Unger et al. 2016).

13.8.5 Nonmotor Symptoms

Nonmotor symptoms were typically linked to Akkermansia and Anaerotruncus
(Clostridiaceae) (Heintz-Buschart et al. 2018). Constipation was attributed to the
Bradyrhizobiaceae and Verrucomicrobiaceae in PD patients (Scheperjans et al.
2015). For example, an increase in Akkermansia, a mucin-degrading bacterium
from the family Verrucomicrobiaceae, has been found in IBD patients (Png et al.
2010), suggesting that these bacteria may play a role in the emergence of GI ail-
ments characterised by PD (Fasano et al. 2015).

13.9 Oral Microbiota

The oral microbiota (OM) harbours diverse microorganisms which comprise nearly
1000 species of bacteria, apart from viruses, microeukaryotes and archaea (Escapa
et al. 2018). It holds the title of being the second most complex microbiota in the
human body, right after gut microbiota. The major microenvironments of the OM
consist of the mucosal epithelial surfaces (gingival sulcus, tongue, cheek, palate and
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lips), non-adherent hard surfaces of teeth and saliva. The composition of OM
depends on lifestyle factors such as tobacco usage, dietary intake, antibiotic intake,
dental hygiene etc. Synonymous to GM, the OM also inhibits colonisation of exter-
nal pathogenic microorganisms, thereby preventing local infections, and promoting
normal development of host tissues. Inorganic compounds such as nitrates are
metabolised by OM, which are essential for vascular health. As the major point of
access for ingested material, and due to its high vascularity, the oral cavity has abun-
dant opportunities to influence the activities of other major systems of the body,
including lungs and digestive tract. This is also the reason behind the fact that oral
dysbiosis leads to a number of other systemic diseases (Radaic and Kapila 2021).

13.10 Oral Dysbiosis

The role of oral cavity in PD has been overlooked for so long. But recently, the
importance of oral microbiota related to PD has been well studied and documented.
Hyposialia and dysphagia can be taken into account as early symptoms of PD
(Cersésimo et al. 2009; Noyce et al. 2012). Based on several recent studies, it was
concluded that there is significant alteration in the oral microbiota of PD patients
compared with healthy controls, thus aiming at a possible link between oral micro-
biota and PD (Pereira et al. 2017; Mihaila et al. 2019; Fleury et al. 2021). The rela-
tive abundance of Firmicutes, Negativicutes, Lactobacillaceae, Scardovia,
Actinomyces, Veillonella, Streptococcus mutans and Kingellaoralis were found to
be increased in PD patients, while Lachnospiraceae and Treponema were found to
be reduced, compared to healthy controls. The elevated secretion of proinflamma-
tory cytokine interleukin-1beta (IL-1p) in the gingival crevicular fluid of PD patients
indicates onset of local inflammation (Fleury et al. 2021).

13.11 Role of Porphyromonas gingivalis in Forming
the Oral-Gut Axis in Parkinson’s Disease

Porphyromonas gingivalis (P. gingivalis), a gram-negative bacterium, has been
linked to the development of certain inflammatory disorders and has been identified
as a cause of periodontitis and gingivitis (Shanker et al. 2013; Amar and Engelke
2015; Singhrao et al. 2014; Olsen and Singhrao 2019; Dominy et al. 2019). Although
it is a bacterium belonging to the buccal cavity, oral administration to animals in
experiments has shown that it can also cause gut dysbiosis, decreased gut barrier
function (Nakajima et al. 2015) and systemic inflammation (Arimatsu et al. 2014).
Bacterial inflammagens, which are usually shed by bacteria in the form lipopolysac-
charide (LPS) and lipoteichoic acid (LTA) (Kell and Pretorius 2015), are ligands for
toll-like receptor-4 (TLR-4), which in turn activate inflammation (Olumuyiwa-
Akeredolu et al. 2019). Novel studies, related to the proteases released from the
periodontal pathogen P. gingivalis in PD gained much attention (Adams et al. 2019).
This bacterium has the potential to cause microbial dysbiosis in the gut microbiota
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(Olsen 2015). P. gingivalis has been detected in the brain of animals and humans
diagnosed with Alzheimer’s disease, where it releases its LPS and cysteine prote-
ases known as gingipains, which is characterised as the antecedent of disease.
Proteolysis is an unavoidable attribute of this bacterium, as it nourishes itself
through the breakdown of proteins. This same aspect is reflected in its ability to
degrade antibacterial peptides with the aid of gingipains (Guo et al. 2010), which
also succour the bacterium in evading the complement system (Olsen and
Singhrao 2019).

P. gingivalis produces gingipains, which are lethal bacterial proteases (Dominy
et al. 2019). The virulence of this organism is greatly influenced by gingipains,
which are made up of Arg-gingipain (Rgp) (RgpA and RgpB) and Lys-gingipain
(Kgp) and exist in both cell-associated and secreted forms (Vuuren et al. 2020).
Also detected in the brains of AD patients, gingipains have been linked to the onset
of AD (Dominy et al. 2019). Recently, it was reported on gingipains, that it has a
comparable hypercoagulation impact to LPS, in the blood of PD patients (Adams
et al. 2019). Gingipains can also enter the body through the nasal cavity and then
exit through the olfactory bulb. The postulated dual-hit mechanism, which involves
anterograde disease progression from the olfactory system into the temporal lobe
and retrograde pathology progression to the brainstem, may potentially be the
mechanism underlying this process (Hawkes et al. 2007; Reichmann 2011).

13.12 Probiotics in Parkinson’s Disease

Probiotics frequently improve the gut microbiota by replenishing the microbiota
and sustaining immunological homeostasis (Reid et al. 2011). Probiotics have been
demonstrated to improve intestinal epithelial integrity, safeguard against disruption
of the gut barrier, modulate the immune system in the GI mucosa and limit the
growth of pathogenic bacteria (Ait-Belgnaoui et al. 2012). The majority of the bac-
terial species in the human gut microbiome belong to the phyla Firmicutes
(Ruminococcus, Clostridium and Eubacteria), Bacteroidetes (Porphyromonas,
Prevotella) and Actinobacteria (Bifidobacterium). Few amounts of Lactobacilli,
Streptococci and Escherichia coli are present in the gut (Azad et al. 2018). Through
the gut-brain axis (Liu et al. 2015), probiotics have been shown to have positive
modulatory effects on brain function, including reports of the normalisation of anxi-
ety (Wallace and Milev 2017) and depressive-like behaviour (Abildgaard et al.
2017). Potential antioxidants, vitamins and bioactive compounds can indeed be pro-
duced by probiotic strains such as Lactobacilli and Bifidobacteria (LeBlanc et al.
2013). Vitamin E, vitamin D3, riboflavin and vitamin B6 have all demonstrated
positive effects on PD patients (Parashar and Udayabanu 2017).
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13.13 Conclusion

A deeper comprehension of the interactions between the microbiota-gut-brain axis
could result in new insights into the pathophysiology of PD, enable an earlier diag-
nosis with a focus on peripheral ENS biomarkers, and unravel novel therapy options
for PD. Studies involving the ideal sampling site, technique and suitable pathogenic
targets are required in order to establish the potential relevance of intestinal a-syn
as a biomarker of early PD. In PD patients or people at increased risk for the dis-
ease, dietary or pharmaceutical therapies should be designed to change the gut
microbiota composition and strengthen the intestinal epithelial barrier integrity.
This may affect the first stage of the subsequent cascade of neurodegeneration in
PD. It will be highly clinically relevant to explain the temporal and ad hoc relation-
ship between the gut microbiota changes and the pathogenesis of PD. Changes in
bacterial taxa have been frequently demonstrated to be associated with disease
across the most recent GM investigations in PD, supporting a probable biological
connection between the GM and PD. Future studies must investigate such pathways
that control the GM in PD as a feasible treatment approach to reduce or inhibit the
spread of disease, however, as the frontier is quickly shifting. Furthermore, to get
around the malfunctioning gut, researchers should look into improved dopaminer-
gic drug delivery mechanisms. While P. gingivalis has been implicated in PD devel-
opment, further studies using contemporary methods are needed to confirm its
presence in brain tissue and elucidate its role in the disease process.
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Abstract

Patients of all ages can experience unpredictable, spontaneous, and uncontrolla-
ble seizures as a result of the severe neurological condition called epilepsy.
Epilepsy, a chronic neurological disorder characterized by unpredictable sei-
zures, affects millions globally. While traditionally the brain is the focus of treat-
ment, emerging research suggests a potential link between the gut microbiome
and epilepsy. When left untreated, these seizures have a significant effect on
epileptic patient’s quality of life. More than 50 million people worldwide have
epilepsy; nearly 80% of them live in low- and middle-income countries (WHO
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report, 2017), with developing nations reporting twice as many cases each year.
Usually, when we consider neurological problems, we just consider the brain and
not the gut. An increasing body of studies shows that the gut-brain axis has links
and is crucial.

The gut microbiome is a complex microbial community found in the human
gastrointestinal (GI) tract that includes both commensal and pathogenic microor-
ganisms. The scientific community is very interested in these gut microorgan-
isms and their potential to enhance human health. Age-related and many intestinal
symbiosis of the gut microbiome, which is frequently connected to a compro-
mised immune system, is linked to problems. In many circumstances, especially
in older people, a drop in beneficial microorganisms and a reduction in the vari-
ety of microbes in the gut can lead to disease. Probiotics, which are ingestible
good bacteria, may alter the natural microbiota in the gut in a favourable way. At
the neurological, hormonal, and immunological levels, the gastrointestinal sys-
tem and the brain communicate in both directions. The brain-gut axis is a con-
cept that is essential for preserving homeostasis. The growth and maturation of
the immune and endocrine systems after birth are meticulously influenced by
bacterial colonization of the intestine. Hence, the current chapter may review the
role of gut microbium, brain immunity, and gut microbium-induced changes in
epileptic seizures. This chapter delves into the potential link between the gut
microbiome, brain immunity, and changes in epileptic seizures. By exploring
this connection, we may uncover novel therapeutic strategies for managing

epilepsy.
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14.1 Introduction
14.1.1 Gut Microbiome

The earth has been home to microorganisms for billions of years, and there are
microbes in practically every natural ecosystem. Abundant microorganisms, such as
bacteria, yeast, and viruses, have been shown to live together in different parts of the
human body like oral cavity, skin, lung, and gut (Ursell et al. 2014). The term
“microbiota” first appeared in the early 1900s. Furthermore, the human microbiota,
also referred to as “the hidden organ,” contributes more genetic data than the entire
human genome—more than 150 times more (Grice and Segre 2012). Even though
the terms “microbiota” and “microbiome” are frequently used interchangeably, they
have some distinct meanings. Microbiota, such as the oral and intestinal microbiota,
are live microorganisms that can be discovered in a certain habitat. Microbiome is
the term used to describe the collection of genomes from all the microorganisms in
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Fig. 14.1 Various factors involved in gut microbium-induced epileptic events

the environment. This includes not only the community of bacteria but also their
structural components, metabolites, and environmental factors (Berg et al. 2020).
The scope of the microbiome is wider than the scope of the microbiota in this regard.
From one location to another, the microbiota’s makeup differs (Fig. 14.1). The gut
microbiota is thought to be the most important for preserving human health (Shreiner
et al. 2015). The gut bacteria perform a variety of tasks, including vitamin genera-
tion, pathogen defence, immune response stimulation, and food fermentation
(Hillman et al. 2017). Firmicutes and Bacteroidetes are the important types of the
six phyla that make up the gut microbiota, which also includes Actinobacteria,
Proteobacteria, Fusobacteria, and Verrucomicrobia (Laterza et al. 2016).

14.2 Microbiota in Healthy Conditions

Each area of the human body has a different distribution and type of glands and hair
follicles. Skin regions differ physically and chemically, which influences how their
bacteria are composed (Tong et al. 2018). Actinobacteria, Bacteroidetes,
Cyanobacteria, Firmicutes, and Proteobacteria are the most common microbial
species found in the skin. We primarily concentrate on how the microbiome affects
human health and immune-related neurological disorders like epilepsy in this chap-
ter. Numerous studies have focused on the connection between the microbiota and
diseases like cancer, diabetes, and neurological problems in recent years.
Furthermore, modifying the microbiota in the human body may be essential for the
treatment of disease.
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Human health and disease are directly impacted by the balance of intestinal
microbes. The human gastrointestinal (GI) tract comprises a diverse microbial pop-
ulation that contains approximately 100 trillion germs, which is a lot more than
other parts of the body (Ley et al. 2006). The human microbiota has a vital role in
immunity, metabolism, and the absorption of nutrients (Bouskra et al. 2008).
Numerous mechanisms exist by which microbiota might influence biological pro-
cesses. Due to the adaptable metabolic genes that produce independent, distinct
enzymes and biochemical pathways, the microbiota plays key roles in the extraction
of energy and nutrients from food (Turnbaugh et al. 2006). Additionally, the gut
microbiota is vital for the creation of bioactive compounds like vitamins, amino
acids, and lipids (Roberfroid et al. 1995).

The gut microbiota displays stability, toughness, and symbiotic relationships
with the host when things are healthy. The idea of a “healthy” gut microbiota and its
connection to the physiological processes of the host are the subject of extensive
investigation. Viral organisms, yeasts, and bacteria make up the gut microbiome. A
stable core microbiota, high microbial gene richness, and high taxonomic diversity
are frequently seen in a healthy microbiome community (Fan and Pedersen 2021).
It should be emphasized that the proportional distribution of gut microorganism dif-
fers from one person to another person. Age and outside variables (such as drug use)
can affect the gut microbiota of humans, which can vary. Additionally, the gut
microbiota differs in the GI tract’s various anatomical regions. For instance,
Proteobacteria like Enterobacteriaceae are only found in the small intestine and not
the colon. Instead, the colon is frequently home to bacteriodetes such as
Bacteroidaceae, Prevotellaceae, and Rikenellaceae (Flint et al. 2012). These vari-
ances are primarily brought on by the various settings. While the colon has slower
flow rates, at milder pH, larger microbial populations, especially anaerobic kinds,
are frequently seen; the small intestine transit time is short, when bile concentration
is high (Milani et al. 2017).

14.3 Involvement of Gut Microbiota
in Pathophysiological Conditions

The gut microbiota differs by age in addition to its spatial distribution. In general,
the diversity of the microbiota rises between childhood and adulthood and falls off
around the age of 70 (Rinninella et al. 2019). Before the formation of a reasonably
steady gut microbiota composition, in children, microbiota diversity may occur due
to Akkermansia muciniphila, Bacteroides, Veillonella, Clostridium coccoides spp.,
and Clostridium botulinum spp. (Amabebe et al. 2020). The composition of the
human gut microbiota may then alter as people age due to nutritional and immune
system changes. Particularly, older persons frequently have higher levels of
Clostridium and Proteobacteria and lower levels of Bifidobacterium (Guigoz et al.
2008). Due to its function in boosting the immune system, the anaerobic bacteria
Bifidobacterium’s decline is thought to be connected to the worsening inflammatory
condition.
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14.4 Gut Microbiome and Immune System

The mammalian immune system comprised of innate and adaptive mechanisms in
each and every tissue which plays a crucial part in host defence against various
foreign antigens and endogenous disruption of homeostasis. In ecological percep-
tion, the mammals and their commensal microbes are co-evolved (Dethlefsen et al.
2007). Such mutual relationship is vital for the accurate performance of host immu-
nity and maintaining immune tolerance to innocuous stimulus (Macpherson et al.
2005). In the first years of life, the education of host immunity is critically influ-
enced by early-life colonization. Further, the microbial composition and their intra-
and inter-individual variability influence the maturation of immune system at the
age of ~3 years (Backhed et al. 2015).

The mutual relationship between the commensal microbes and host immunity is
demonstrated by the use of germ-free (GF) mice. The GF mice study shows that the
absence of commensal microbes leads to defects in the structure of intestinal lym-
phoid tissue and immune functions (Bauer et al. 1963). GF mice show substantial
reduction in intra-epithelial lymphocytes (IELs) and IgA antibodies which plays
crucial role in humoral mucosal immunity (Hapfelmeier et al. 2010). T helper 17
(Th17) cells are deficient in GF mice, which are stimulated by microbial coloniza-
tion particularly by segmented filamentous bacteria (SFB). Further, a polysaccha-
ride secreted from Bacteroides fragilis regulates the establishment of immune
system including the development of T cells and Th1/Th2 polarization in lymphoid
tissues (Ivanov et al. 2008). Similarly, extracellular signals produced from commen-
sal microbes regulated the B-cell lineage in the intestinal mucosa and thereby influ-
ence the gut immunoglobulin repertoires (Wesemann et al. 2013).

Notably, the intestinal immune system has the ability to establish immune toler-
ance against numerous commensal microbes while activating immune responses
against pathogenic infection. In homeostasis, the immune response towards the
intestinal microbiota is decisively compartmentalized to the mucosal surface
(Mowat 2018). A dense mucus layer made of hyperglycosylated mucin MUC2 seg-
regates the intestinal epithelium from inhabitant microbes. Further, MUC2 limits
the immunogenicity of intestinal antigens and maintains anti-inflammatory condi-
tion by regulating enteric dendritic cells (DCs) (Shan et al. 2013). Tight junctions
play crucial role in controlling trans-epithelial permeability. Microbial signals pro-
mote the strength of the epithelial barrier by upregulating the tight junctions and
associated cytoskeletal proteins. Meanwhile, the mucosal barrier function is regu-
lated by secretory IgA antibodies and antimicrobial peptides (AMPs) (Bansal
et al. 2010).

Toll-like receptors (TLRs) play crucial role in regulating host defence against
pathogens, modulate the composition of commensal microbes, and sustain tissue
integrity. In particular, TLRS is involved in moulding the gut microbiota, which
could be limited to a critical period at the beginning of life (Rakoff-Nahoum et al.
2004). In addition, NOD-like receptors (NLRs) are involved in shaping the gut
microbiota composition. Nucleotide-binding oligomerization domain-containing
protein 1 (NOD1) acts as an innate sensor and credited for the development of
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adaptive lymphoid tissues and preservation of intestinal homeostasis (Bouskra et al.
2008). At the same time, NOD2 protects small intestine from inflammation by
restricting the growth of the commensal Bacteroides vulgatus. Gut epithelial stem
cell survival and epithelial regeneration are promoted by the induction of NOD2
(Ramanan et al. 2014) moulding.

Recently, researchers explored the association between commensal microbes
and monocytes/macrophages. Butyrate, a microbial-derived metabolite influences
the differentiation of monocyte-to-macrophage through histone deacetylase 3
(HDAC3) inhibition, while the trimethylamine N-oxide (TMAO) can induce the
polarization of murine macrophage through NLRP3 inflammasome-dependent
manner (Schulthess et al. 2019; Wu et al. 2020). Moreover, the proliferation and
function of group 3 innate lymphoid cells (ILCs) regulated by the microbial metab-
olite sensor Free fatty acid receptor 2 (Ffar2) (Chun et al. 2019). B cells are crucial
regulators of gut homeostasis which secretes great number of secretory IgA anti-
bodies. These IgA antibodies are involved in the maintenance of a heterogeneous
and balanced microbiome and also regulate the differentiation and proliferation of
Foxp3+ regulatory T cells (Kawamoto et al. 2014). The microbiome and their
metabolites play crucial role in the differentiation and proliferation of Th17 cells.
The Th17 cells stimulated by SFB are non-inflammatory, while Th17 cells elicited
by Citrobacter are inflammatory which produce broad range of inflammatory cyto-
kines (Omenetti et al. 2019).

The composition of gut microbiome is influenced by various environmental fac-
tors whose impact dictates over host genetics (Rothschild et al. 2018). The environ-
mental factors including diet, life style, antibiotic use, etc. prominently influence
the occurrence of various inflammatory and autoimmune diseases (Vojdani 2014).
Antibiotics are essential for the treatment of infectious diseases, while the intake of
antibiotics intensely affects the composition and function of the gut microbiota. The
antibiotic-driven microbial dysbiosis in the gut affects the functions of different
immune cell subsets. Use of broad spectrum antibiotics leads to reduction of
microbiota-derived short-chain fatty acids (SCFAs) which consequently causes
hyperactivation of intestinal macrophages and proliferation of T helper cells.
Further, antibiotic treatment promotes M2 macrophage polarization and allergic air-
way inflammation in lungs (Becattini et al. 2016).

Recent studies explored the relationship between dietary microbiota and modu-
lation of host immunity. Western diets extremely affect the composition of gut
microbiome and have negative impact on host immunity (Christ et al. 2019). Dietary
long-chain fatty acids modulate the composition of gut microbiome and metabo-
lome which may exacerbate autoimmunity in the central nervous system (CNS)
(Haghikia et al. 2015). Further, the intake of artificial sweeteners, dietary carbohy-
drates, emulsifiers, and certain probiotics modulate the composition of gut microbi-
ome which leads to inflammation and dysregulation of host immunity (Christ et al.
2019). Abnormal interaction between the microbiome and the host immunity in
genetically susceptible host leads to the development of various immune-mediated
diseases. However, the mechanism of interaction between gut microbiome and the
immune system in various human diseases is poorly understood. More detailed
study addressing the modulatory effects of microbiome and their metabolites on
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immune system is necessary for understanding the mechanisms for prevention and
treatment of immune-related disorders.

14.5 Brain Immunity

The immune coordination of the CNS control the total body. The properties of brain
action in regulation of immunity are different. The impact of immune system on
stress in psychological condition has been widely characterized as major in neural
(sympathetic) and endocrine signals (Bowers et al. 2008; Kin and Sanders 2006).
The brain immunity represents the capacity to link a specific role (immune suppres-
sion) and an exterior sign like taste (saccharine); the indication preserves and inde-
pendently activates the immune response for the same. Hence, saccharine appearance
alone may induce suppression of the immune system after specific conditioning
(Goebel et al. 2002). In evolutionary side, the brain capacity regulates the immunity.
The information-associated lifestyle including loneliness and social status may alter
the immune activity (Cole et al. 2015; Lupien et al. 2009; Ben-Shaanan et al. 2017).
The immunity main regulations are synchronizing effects in circadian clock or sleep
(Labrecque and Cermakian 2015; Rolls et al. 2015). The brain may involved in
external and internal state of physiological condition to accommodate response to
adaptive and dynamic immunity. The dynamic regulation of immunity is facilitating
communication of immune and CNS system through endocrine and the autonomic
nervous system (ANS) (Felten 1993; Ben-Shaanan et al. 2017). Additionally, cells
that have the receptors for neuropeptides and neurotransmitters (de Jonge et al.
2005; Sternberg 20006), that will give the signals to peripheral nervous system can
facilitate messages from the brain and immune system. The neuronal signals control
the immunity through inflammatory reflex, mediated by vagus nerve and decrease
the amount of inflammatory factors including TNFa, Interleukin-1,6 and 8 (Tracey
2002; Wang et al. 2004). Therefore, vagus nerve stimulation may be suggested for
the treatment to control sepsis.

In the immune system, the range of acquired T and B immune cells randomly
produces V (variable), D (diversity), and J (joining) gene segments (VDJ) recombi-
nation of T-cell receptor (TCR) and genes of immunoglobulin, TCR somatic hyper-
mutation, and immunoglobulins (Ott et al. 2018). The imbalance of
immunosuppressive Treg and Breg cells (Sakaguchi et al. 2008; Rosser and Mauri
2015) affects the immune system that may result in autoimmunity and allergy. The
excitatory and inhibitory neurons from CNS have the balance connecting these pop-
ulations and are important for the normal activity of the neural network (Yizhar
et al. 2011). The immune cells called microglia comprises majority of the cells in
the brain, and others cell include myeloid cells, T, B, monocytes/macrophages, den-
dritic cells and natural killer (NK) cells minorly present (Korin et al. 2017). In adult
naive mice, NK and T/B cells have been identified in CD45" population in CNS and
are limited with approximately 10,000 per hemisphere (Posel et al. 2016) and have
potent brain function. T cells are concerned about complex brain functions includ-
ing spatial learning, emotions, memory, and response to stress. CD4C T cells
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(helper), are recruited in the meninges and secrete interleukin (IL-4) can tilt macro-
phages, microglia to anti-inflammatory (M2) phenotype and then, induce secretion
of brain-derived neurotrophic factor from astrocytes (Kipnis et al. 2004; Ziv et al.
2006; Derecki et al. 2010; Radjavi et al. 2014).

14.6 Gut Microbiome-Induced Brain Immunity Changes

Various microbial populations coexist in mice as well as humans. Most of these
microorganisms such as archaea, bacteria, fungi, and viruses exist in human GI
tract, and these are jointly called as gut “microbiota” (Ferreiro and Crook 2018).
Evidence from studies suggest that microbiota is complex in the organisms’ physi-
ology and pathology, and has proposition in health and disease (Maynard et al.
2012). The physiological activity of microbiota has been identified, including
immune system (Belkaid and Hand, 2014). The alterations of gut microbes in
response to significant immune signalling lead to illnesses of the intestine and other
distal organs (Blander et al. 2017; Roy and Trinchieri 2017). Divergent microbial
flora is maternally inherited during birth and then modified due to dietary habit
changes and ecological signals (Gomez de Aguero et al. 2016; Ma et al. 2019a, b).
The development and maturation of CNS in humans are regulated by various factors
including intrinsic and extrinsic way. Studies evidenced mostly from animals with
germ-free (GF) type or animals treated from broad-spectrum antibiotics showed
that specific microbiota can shock CNS neurochemistry and physiology (Smith
2015). In humans, evidence about the relationship between GI pathology and neu-
ropsychiatric problems was reported in conditions including autism, anxiety, and
depression (Foster et al. 2017; Fung et al. 2017). In addition gut microbiota was
involved in the development of CNS, immune and neural signals (Tremlett et al.
2017). The immune system of human has been evolved to preserve the symbiotic
connection among host and microbiota; disruption of these active interaction
between immune-microbial can lead to insightful effects on health (Hooper et al.
2012). The digestive system’s role during development of brain and the axis of gut-
brain can be used to express the microbiota and their communication resulting in
changes in the status of CNS. Dysbiosis changes in the gut microbiome can induce
atypical immune signalling, imbalance of host homeostasis and disease progression
of CNS (Ma et al. 2019a, b). The microbiota persuade CNS through multiple immu-
nological signals that include NF-kB, inflammasome, and IFN-1. Microbe-
associated molecular patterns (MAMPs) are generally considered by TLRs and
expression in different immune cell types that promote activation of the immune
cells. Activated cells produce various pro-inflammatory cytokines such as IL-1 and
TNF-a, which can go into the circulation through blood-brain barrier (BBB), and
result in the progress of many neurological disorders (Sampson and Mazmanian
2015). Experimental autoimmune encephalomyelitis (EAE) model in the spinal
cord and intestine produces fewer amounts of pro-inflammatory cytokines, inter-
feron (IFNy), and IL-17A in germ-free (GF) mice. The segmented filamentous
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bacteria (SFB) colonization can induce Thl and Th17 that will induce response in
the spinal cord and intestine, promote EAE symptoms (Lee et al. 2011). On the
other hand, colonization of Bacteroides fragilis and Prevotella histicola can repress
EAE by encouraging Treg, which suggests that the gut microbiota regulates neuro-
inflammation through immune actions (Mangalam et al. 2017).

SFB colonization is ample to enhance symptoms of Autism spectrum disorder
(ASD)-like pattern in the intestine by the regulation of Th17 cells. Conversely,
blocking IL-17A with neutralizing antibodies is limiting the behavioural abnormali-
ties (Lammert et al. 2018). Inflammasome activation can cause the maturation of
apoptotic gene caspase-1, and pro-inflammatory cytokines (IL-1f and IL-18) release
may promote neuroinflammation. The definite MAMPs can promote pro-
inflammatory cytokine productions, and inflammasome are implicated in broad
range of neurological disorders (Yang et al. 2019). In addition, caspase-1 genetic
deficiency mice have less anxiety-like behaviours and depression from chronic
stress (Wong et al. 2016). The components from gut microbiota cross the BBB and
affect the brain immune cells’ maturation and activation, including microglia and
astrocytes (Fung 2020). Gut microbiota contributes to the development, homeosta-
sis, and pathology of brain in the CNS through microglia. The microglia role by
release of cytokines, phacocytosis, and complement activation in CNS (Salter and
Stevens 2017). Moreover microglia and astrocytes are important cells among glial
cells, involved in multiple functions, including control of BBB, regulation of CNS
development and repair through the secretion of cytokines and chemokines and
antigen presentation. IFN (Type 1) signalling in astrocytes, intervention by micro-
bial tryptophan metabolites and activation of Aryl hydrocarbon receptor (AhR) can
limit CNS inflammation (Rothhammer et al. 2016; Wang et al. 2014).

Research on germ-free mice, or mice with no microbiota at all, provides the
strongest support for a function for the microbiome in neurodevelopment. The
microbiota’s composition has been demonstrated to be a key factor in these models’
fundamental brain processes, including development, myelination, neurogenesis,
and microglia activation. The field has advanced in determining whether the micro-
biota is engaged in particular brain activities, but germ-free mice represent an
extreme case with a naturally faulty immune system development and minimal
translation into humans (Luczynski et al. 2016).

The majority of the studies on newborn, which are the few that have been con-
ducted, have been cross-sectional. In one study, the Mullen Scales of Early Learning
were used to measure cognitive performance at 2 years old. The results showed a
strong correlation between the microbiota’s composition at 1 year old and cognitive
ability at 2 years old (Carlson et al. 2018). In a cohort of 39 newborn, microbiota
diversity (a statistic representing within-sample variability) was also linked to func-
tional connectivity between the inferior parietal lobule and the supplementary motor
region (Gao et al. 2019). It’s significant to note that this functional connection was
linked to cognitive outcomes at age 2 (Gao et al. 2019).



296 R. Govindan et al.

14.7 Epilepsy

Epilepsy is a brain disorder characterized by a person’s propensity to experience
recurring, spontaneous epileptic seizures. The aberrant paroxysmal fluctuations in
neuronal electrical activity that occur during seizures are related to an imbalance
between the excitatory and inhibitory brain networks. In addition to modulating
brain activity, glial cells also contribute to the onset of seizures by re-establishing
the equilibrium of the neurotransmitters glutamate and gamma-aminobutyric acid
(GABA) (Beghi et al. 2019). Recurrent seizures are a hallmark of the neurological
disorder in epilepsy, which is frequently brought on by an earlier injury to the cen-
tral nervous system (CNS) (Beghi 2020). Epilepsy affects about 65 million indi-
viduals globally, making it the most common neurological condition to reduce
quality of life. Mesial temporal epilepsy and lateral epilepsy are the two primary
subtypes of temporal lobe epilepsy (TLE), one of the most prevalent forms
(Bartolomei et al. 1999; Tatum 2012). Preclinical and clinical data have suggested
in the past 10 years that the gut microbiota may be a regulator of epileptic seizures
and a potential new treatment target (De Caro et al. 2019; Lum et al. 2020; Yue
et al. 2021).

14.8 Gut Microbiome-Induced Factors’ Role in Epilepsy

Numerous studies suggest that when the microbiota and the host interact in the
intestine, immune system molecules, neurotransmitters, and microbial metabolites
are released. These molecules can affect neuronal messages and possibly control
brain activity and behaviour. For instance, it has been demonstrated that the intesti-
nal microbiota can influence the enteric nervous system, a network of neurons that
controls the digestive system’s operations (Carabotti et al. 2015). Additionally, it
has been demonstrated that the microbiota produces and reacts to a variety of neu-
rotransmitters, including serotonin and GABA, which are involved in human behav-
iour and cognitive processes (Wang and Wang 2016).

We must examine the events that take place during an epileptic seizure in order
to properly comprehend the function played by the gut flora. However, it is chal-
lenging to determine a specific role for the gut microbiota in epilepsy because the
causes of the condition are either numerous or still unknown in primary epilepsy.
The resistance of excitatory neurons to stimuli appears to decrease temporarily dur-
ing an epileptic episode. This might happen as a result of altered ion channels or
dysfunctional inhibitory neurons. This leads to a particular location where seizures
may then start (Scharfman 2007). Following brain damage, an additional mecha-
nism causing epilepsy may result from the “up” regulation of excitatory neuronal
circuits or the “down” regulation of inhibitory circuits (Guerriero et al. 2015).
“Epileptogenesis” processes cause these secondary epilepsies (Pitkdnen et al. 2015).
The phrase “epileptogenic threshold” is used to describe the stimulus level neces-
sary for an attack to occur. This threshold appears to be substantially lower in epi-
leptic patients than in the general population. A compromised blood-brain barrier
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(BBB) could also be a contributing factor because it would make it possible for
blood-borne chemicals to enter the brain (Rana and Musto 2018).

According to the available studies, the gut microbiome can either increase or
decrease epileptic symptoms. It is possible that the gut-brain axis is the reason for
this occurrence. Multiple mechanisms may be used to promote epilepsy when the
so-called bad bacteria are present. The creation of a number of chemicals that can
change the excitatory-inhibitory balance is carried out by gut bacteria. Cytokines
and metabolites that act as neuromodulators, such as short-chain fatty acids
(SCFAs), gamma-aminobutyric acid (GABA), and serotonin precursors, are exam-
ples of these (Strandwitz 2018; Bagdy et al. 2007). We are aware that an unbalanced
excitatory-inhibitory balance is the cause of seizures. The threshold for the develop-
ment of a seizure is lowered when the neurotransmitter GABA is decreased
(Casillas-Espinosa et al. 2012).

Through a change in the BBB, a dysbiosis condition can cause an influx of toxins
and cytokines. There is less SCFA and GABA production when these circumstances
exist. The BBB is altered by the decrease of SCFAs, which have anti-inflammatory
properties. Furthermore, the beginning of a seizure may be influenced by a decreased
influx of GABA in the gut-brain axis. Furthermore, numerous studies (Lim et al.
2017) have demonstrated that epileptic manifestations can occur even with a low
serotonin intake. We might therefore propose a mechanism based on changes in the
gut microbiota and subsequent changes in neurotransmitters like GABA, serotonin,
and glutamate that may favour epileptic episodes.

Neuroimmunity and neuroinflammation are connected with the aetiology of epi-
lepsy (Yamanaka et al. 2021). The brain-gut axis may be implicated in immunologi-
cal and inflammatory pathways that contribute to epilepsy development, according
to growing data. The predominant inflammatory cells in the CNS are microglia and
astrocytes, and their inflammatory condition encourages the development of epi-
lepsy (Devinsky et al. 2013; Sanz and Garcia-Gimeno 2020). In gut immunity,
70-80% of immune cells in the body are found in the lymphoid tissue of the intes-
tinal mucosa (Tlaskalova-Hogenova et al. 2005). Immunological cells are impacted
by the gut microbiota (GM); for instance, germ-free (GF) mice exhibit immunologi-
cal abnormalities, including a decline in T and B cell numbers and a drop in cyto-
kine production (Smith et al. 2007).

Additionally, astrocyte activation, which is age- and sex-dependent (Thion et al.
2018) and appears to be one of the most crucial variables for the development of
microglial cells, appears to be influenced by the GM. To control the onset of epi-
lepsy, the GM controls inflammatory, adaptive, and innate immune responses. The
blood-brain barrier (BBB) and gut mucosal barrier prohibit GM and its secretions
from reaching the brain. Increased intestinal permeability, which permits bacteria,
harmful metabolites, and small molecules to translocate into the circulation, is the
hallmark of “leaky gut”” syndrome (Obrenovich 2018). Bacteria can directly release
substances into the bloodstream during gut inflammation, which activates periph-
eral immune cells, changes BBB integrity, and consequently transport rates, and can
even cause “leaky brain” (Logsdon et al. 2018).
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Lipopolysaccharides and other cytokines in the lumen enter the blood circula-
tion, triggering toll-like receptors and releasing inflammatory cytokines that could
enhance BBB permeability and harm the brain (Ait-Belgnaoui et al. 2012; McCusker
and Kelley 2013). Stress can also increase intestinal mucosal permeability. The
brain’s astrocytes, which are the most numerous glial cells, serve a number of pur-
poses, including as maintaining the BBB’s integrity, recycling neurotransmitters,
and taking part in immunological reactions. The CNS’s resident macrophages,
known as microglial cells, mediate the innate immune response (Ginhoux et al.
2013). The modulation of neuronal activity, inflammation, phagocytic neuron clear-
ance, and persistent seizures can all be facilitated by microglia with a bigger, less
ramified, amoeboid morphology (Bosco et al. 2020).

By releasing too many cytokines, microglia and astrocytes contribute to the
pathogenesis of epilepsy (Devinsky et al. 2013). Microglia can influence astrocyte
phenotype and function (Liddelow et al. 2017), and mouse microglia can control
astrocyte behaviour by, for example, Vascular endothelial growth factor B
(VEGF-B), which encourages the pathogenic response and inflammatory response
of astrocytes, and Transforming growth factor alpha (TGF-a), which encourages the
opposite. In order to regulate microglial activation, TGF-a expression, VEGF-B lev-
els, and gut bacteria convert dietary tryptophan into aryl hydrocarbon receptor ago-
nists and interact with their receptor (Rothhammer et al. 2018). Which in turn
modifies the pathogenic activity of astrocytes. The migration, phagocytosis of apop-
totic cells, and synaptic pruning of microglia are all made easier by the production
of inflammatory cytokines and chemokines by astrocytes (Yang et al. 2020).

The communication between astrocytes and microglia increases the generation
of pro-inflammatory cytokines, decreases BBB permeability, and infiltrates immune
cells and cytokines from peripheral blood into the CNS, resulting in chronic neuro-
inflammation (Moradi et al. 2021). This suggests that intestinal microbial diversity
is essential for microglial and CNS function (Erny et al. 2015). GF and antibiotic-
treated (Abx-treated) animals also had altered microglial morphology and defects in
maturation, activation, and differentiation, resulting in an inadequate immune
response to a variety of pathogens, which could be repaired after GM recoloniza-
tion. The morbidity of epilepsy is also influenced by peripheral immune cells that
invade the brain tissue, such as T cells and monocytes, in addition to glial cells that
are found in the CNS. Monocytes can mature into macrophages and occupy the
brain, where they differentiate into “microglia-like cells” and contribute to epilepsy
(Djukic et al. 2006). The organ (gut) with the largest population of immune cells can
induce epilepsy through the innate immune pathway. In mice models, permeability
of BBB increases throughout the life with decreased expression of occludin and
claudin proteins in the endothelium (Braniste et al. 2014). During gut dysbiosis
reductions of claudin levels may increase the permeability of the intestinal lining,
which leads to the escape of microorganisms, metabolites, and toxins from the
intestinal lumen. This upsurges BBB permeability and induces neuroinflammation
(Welcome 2019). Both gut and brain barriers are broken, and the immune cells and
molecules released by the microbiota enter the brain and induce seizures.
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14.9 Neurocysticercosis and Epilepsy

The two most prevalent neurological conditions that add to the global illness burden
are epilepsy and neurocysticercosis (NCC). The primary clinical sign of parenchy-
mal NCC, acute symptomatic seizures, is brought on by an immune-inflammatory
process in the host brain in reaction to the parasite’s degenerative phase or death.
While the local inflammatory activity persists, seizures may return over the course
of several months. Once the acute process has passed, if the seizures continue, epi-
lepsy can be identified in the patient. Epilepsy is frequently accompanied by CNS
infections. Post-infectious epilepsy is frequently attributed to parasite and viral dis-
eases (WHO 2017). The chance of a coincidental occurrence of NCC and a very
prevalent brain disease in developing nations, such as epilepsy, is increased by the
greater rates of T. solium infection and subsequent rates of NCC.

Innate (non-specific) and adaptive (specific) immunological responses of the
host lead to the elimination of the pathogen and/or of the host when a pathogen
enters an immunologically competent organism. The creation of a non-specific
inflammatory event locally in the pathogen’s surrounds has a significant impact on
the protective or pathogenic efficiency of the innate response. The systemic, selec-
tive clonal proliferation of lymphoid cells that differentiate into effector cells of
type Thl or Th2 and produce a variety of cytokines, as well as plasma cells that
produce particular antibodies, are the foundation of the adaptive immune response.

The type and rate of the immune response will affect resistance or susceptibility
to the creation of metacestodes during the very first events following oncosphere
ingestion. The presence of living parasites that actively avoid being destroyed by the
host immune system is then followed by a strong immunological reaction. The para-
site is ultimately eliminated by an inflammatory response, either throughout the
course of an infection’s natural development or after anti-parasitic therapy. Recent
conceptual definitions for seizures related to autoimmune illnesses have been pre-
sented by the ILAE Autoimmunity and Inflammation Taskforce (Steriade et al.
2020). Despite the fact that seizures can occasionally happen weeks or even months
after the resolution of immune-related encephalitis, this Taskforce recommended
using the term “acute symptomatic seizures secondary to autoimmune encephalitis”
to describe seizures occurring in the context of the active phase of immune-mediated
encephalitis. They also proposed the term “autoimmune-associated epilepsy” to
describe chronic seizures that have been determined to be secondary to autoimmune
brain diseases, since autoimmune encephalitis has significant epidemiological, clin-
ical, and therapeutic consequences (Steriade et al. 2020).

14.10 Conclusion

In this chapter we summarized how the gut microbiota function in immunological
reaction and their role in brain immunity and epilepsy. It is well known that altered
gut microbiota are present in epilepsy based on data from both animal models and
human research. The gut flora can be altered by numerous substances in either a
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favourable or negative way, reducing or escalating epileptic episodes; intestinal dys-
biosis is linked to chronic stress-induced epilepsy. Children with epilepsy may have
a dysbiosis, according to recent investigations in human cohorts, but bigger trials
with age-matched controls are required to corroborate these findings. Dysbiosis
may be particularly important in some kinds of epilepsy, such as stress-induced
epilepsy. Therefore, aetiology stratification may be important. If a dysbiosis is iden-
tified, microbiota-targeted approaches to treating epilepsy may be created. In devel-
oping countries 30% of epilepsy associated with taenia solium effected
neurocysticercosis. Collectively the data suggest that the altered gut microbium in
turn impacts immunological response. Hence the immune cell-produced cytokines
and chemokines may interrupt BBB and induce epilepsy in most of the gut-altered
patients. Further research is required to assess the effectiveness and safety of micro-
biota-targeted interventions like probiotics, prebiotics, or faecal microbiota trans-
plantation (FMT) in the treatment or prevention of epilepsy. Targeted treatment
options may need a thorough investigation of the possible involvement of gut dys-
biosis in certain epilepsy subtypes such as age, location (e.g., neurocysticercosis in
poor countries), and potential triggers (e.g., stress).
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Abstract

One of the crucial elements in sustaining host health and disease is the gut micro-
biota. The gut microbiota is now recognized as one of the critical elements in
controlling the interactions between the gut and the brain due to growing
advancement of omics techniques. Age-related changes in the gut microbiome
contribute to the ageing process of the brain and that further leads to different
neurodegenerative diseases. The idea that the gut can affect central nervous sys-
tem’s (CNS) function and vice versa is becoming more widely accepted, giving
rise to the microbiota-gut-brain axis as a communication pathway. A healthy
body depends on maintaining a balanced gut microbiota, but dysbiosis can lead
to several chronic diseases. Identifying biomarkers for chronic conditions associ-
ated with ageing will be made easier by understanding the underlying mecha-
nisms of gut microbiota alterations and dysbiosis. Dysbiosis gut microbiota is
linked to increased intestinal permeability, worsened neuroinflammation, oxida-
tive stress and reduced neurotransmitter production, all of which are known to be
crucial to the occurrence and progression of Parkinson’s disease (PD). This has
made the gut microbiota a promising diagnostic and therapeutic target for PD by
inculcating treatments using prebiotics, probiotics and antibiotics.

This chapter summarizes gut microbiota profiles and functions related to
Parkinson’s disease, as well as potential roles and mechanisms of gut microbiota
associated with brain ageing and its role in mitigating the disease. Understanding
the underlying functions and mechanisms of the gut microbiota associated with
PD will aid in reinterpreting the disease’s pathogenesis and illuminating fresh
treatment options.
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Abbreviations

AD Alzheimer’s disease

ASD Autism spectrum disorder

ATP Adenosine triphosphate
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CD Cluster of differentiation

CML  N6-carboxymethyl lysine

CNS Central nervous system

DA Dopamine

DAMPS Damage-associated molecular patterns
DC Dendritic cells

DNADeoxyribonucleic acid

EC Epithelial cells

EDTA Ethylenediaminetetraacetic acid
FMT Faecal microbiota transplantation

GABA Gamma-aminobutyric acid

GIT Gastrointestinal tract

GPCR  G-protein coupled receptor

HDAC Histone deacetylation

HE Hepatic encephalopathy

HPA Hypothalamic pituitary adrenal

ILs Interleukins

ISAPP International Scientific Association for Probiotics and Prebiotics
L-DOPA L-3,4-dihydroxyphenylalanine

LPS Lipopolysaccharide

MHC  Major histocompatibility complex
MIA Maternal immune activation

MLN  Mesenteric lymph nodes

MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
NFx-B Nuclear factor kappa-B

NLRs  Nod-like receptors

PAMPS Pathogen-associated molecular patterns
PBMCs Peripheral blood mononuclear cells
PD Parkinson’s disease

QOL Quality of life

RNARibonucleic acid
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ROS Reactive oxygen species

RSV Respiratory syncytial virus
SCFA  Short-chain fatty acids

SFB Segmented filamentous bacteria
Slg Secretory immunoglobulin

TD T-cell dependent

TI  T-cell independent

TLRs  Toll-like receptors

TMA  Trimethylamine

TNFs  Tumour necrosis factor
UPDRS Unified Parkinson’s disease rating scale

15.1 Introduction

Every human being at their infantile stage develops a unique environment of gut
microorganisms depending upon the type of their delivery, the gestational period,
the breast milk quality, the weaning period for it and the use of antibiotics by the
mother when she was pregnant. This environment of microorganisms, known as the
gut microbiome, helps in maintaining the nutrient metabolism of an individual by
helping in the digestion of amino acids, lipids bile acids, short-chain fatty acids and
vitamins; in providing structure to the mucosal barriers which prevents external
bacterial attack; and in activity against pathogens by preventing their growth by
either absorbing all the available nutrients or releasing bacteriocins. Though the
gut’s composition usually remains constant throughout the life of an individual,
sometimes due to the body mass index, enterotypes, frequency of exercise and life-
style habits there may be some composition alterations. Gut microbiome owing to
differences in individual’s internal and external aspects is specifically characterized
for the individual (Rinninella et al. 2019). The GI tract is composed of about 100
trillion microorganisms, including yeast, viruses and bacteria of different genus,
family, order and phyla, among which the colon is the most populated region with
bacterial density ranging between 10'' and 10'> microorganisms per millimetre
(Thursby and Juge 2017; Ley et al. 2006; Laterza et al. 2016).

Culturing the microorganisms of the gut microbiota has always been difficult;
however recent technologies have given a chance to scientists to determine the con-
stituents of the gut by analysing the DNA and RNA present in the faeces (Moore
and Holdeman 1974). It is formed on the sequencing of 16S ribosomal RNA gene
sequence, followed by the use of metagenomics to identify the microbial strains
(Poretsky et al. 2014; Mizrahi-Man et al. 2013). Till date, about 160 species of bac-
teria have been detected which includes phyla like Bacteroidetes, Firmicutes,
Verrucomicrobia, Actinobacteria, Proteobacteria, Fusobacteria and Actinobacteria
(Laterza et al. 2016; Arumugam et al. 2011). The Firmicutes includes genera like
Clostridium, Lactobacillus, Bacillus, Ruminococcus and Enterococcus, with
Clostridium occupying about 95% of the Firmicutes phyla. In the Bacteroidetes
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phyla, Bacteroides and Prevotella are the most dominant genera. In the gut micro-
biome, almost 90% of the population consists of Bacteroidetes and Firmicutes. Out
of all the phyla, Actinobacteria, consisting of the Bifidobacterium genus, are the
least in number (Arumugam et al. 2011). With the advancement of technologies, to
detect more of the constitution of the gut microbiome, whole-genome shotgun
metagenomics in combination with MetaHit and Human Genome Project is being
used to prepare a complete list of the microorganisms present in the GI tract (Hugon
et al. 2015; Li et al. 2014).

These groups have a big impact on a lot of physiological processes, like how the
immune system and metabolism work. The gut modulates several brain functions by
delivering bacteria-derived metabolites, hormones and neuroactive substances to
the central nervous system (CNS) via the vagus nerve, enteric nervous- and circula-
tory system and immune system (Long-Smith et al. 2020). The hypothalamic-
pituitary-adrenal axis and the autonomic nervous system of the central nervous
system, on the other hand, regulate gut function (Mart’yanov et al. 2021). The host’s
age and genetics, as well as external factors such as dietary changes and antibiotic
overuse, all influence the composition and activity of the microbiota in the GI tract
(David et al. 2014). As a result, even in healthy environments, each microbiome is
unique and varies greatly between individuals. Dysbiosis, defined as a change in the
bacterial population of the gut, has been linked to a variety of host diseases, includ-
ing CNS disorders (Sudo et al. 2004). The blood-brain barrier (BBB), one that dis-
connects the CNS from the rest of the body, is critical for preventing pathogens and
immune responses that could harm neurons (Daneman and Prat 2015). By carefully
controlling the influx and efflux of molecules, ions and cells, this function is accom-
plished (Engelhardt and Liebner 2014). In addition to being crucial for CNS devel-
opment and homeostasis, metabolites derived from bacteria are also able to cross
blood-brain barrier (BBB) and contribute to the onset and progression of CNS dis-
eases (Heijtz et al. 2011). The term “gut-brain axis” describes the two-way interac-
tion between the central nervous system and the intestinal microbiome. Importantly,
the BBB becomes increasingly less effective with age and even more so in the con-
text of neurodegenerative diseases, allowing neurotoxic products from the gut to
enter the brain where they trigger inflammatory and immune reactions; the brain
endothelium gradually loses function as people age, which is connected to abnor-
mal BBB alterations (Cai et al. 2017).

Reduced intestinal role, waning immune function and major changes in the GI
tract’s microbiota population are just a few of the physiological mechanisms that
begin to degrade as we grow older. Many of these age-related factors are caused by
dysbiosis. Individuals’ microbiomes change with age, with lowered diversity,
enhanced richness of bacteria linked to pro-inflammatory impacts, such as Clostridia
and Enterobacteriaceae, and lowered numbers of the useful genera Lactobacillus
and Bifidobacterium (O’ Toole and Jeffery 2015). Diabetes, cancer, cardiovascular
disease, insulin resistance and neuro-degenerative diseases such as Alzheimer’s and
Parkinson’s are believed to be connected to age-related variations in the microbial
community (Gérard and Vidal 2019).
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15.2 Potential Ways Through Which the Gut Microbiome
Affects the Activity of Brain

There is increasing realization and experiments that the gut microbiome plays a
significant role in the interactions that occur between key nutrients and brain activ-
ity. According to a scientific theory on the ageing gut brain research, the gut micro-
biota and microbial metabolic products influence the gut-brain axis, hence the
actions of a person, resulting in several behavioural and psychological symptoms
popularly seen in the elderly struggle from a neurological condition such as
Alzheimer’s, Parkinson’s and dementia (Lobo et al. 2000).

The physiology and operation of the gastrointestinal system change with age,
influencing the microbiota that lives there (O’Toole 2012). When compared to
“younger adults,” frailty correlates with modifications to the community of micro-
organisms present in the gut. A diverse microbiota because of a diverse diet may
prevent poor health and frailty (Fried et al. 2001). Correlating changes in diet com-
position and diversity results in a significant shift in the gut bacterial profile
(Caracciolo et al. 2014). The age-related changes seen in the gut microbiome could
indeed contribute to the development and progression of inflammations associated
with ageing by boosting the generation of proinflammatory mediators or decreasing
the production of anti-inflammatory mediators, shifting the balance towards inflam-
matory response (O’Toole and Jeffery 2015). A study comparing the microbial
characteristics of older population to nutrient dense elderly found that bacterial spe-
cies associated with inflammation are much more prevalent in the former (O Toole
2012). A study on Alzheimer’s disease (AD) found that an increase in neurotoxic
proteins in brain and propagating pro-inflammatory cytokines is associated with a
lower abundant supply of the butyrate-producing anti-inflammatory type of bacteria
Eubacterium rectale and significantly greater rates of pro-inflammatory Escherichia
coli/Shigella. The neuro-inflammation linked to mental decline leads to a better
understanding of the connection among both neuro-inflammation and gut microbi-
ota composition (Cattaneo et al. 2017).

The following are the mechanisms by which gut microbiota action influences
the brain:

15.3 Immunological Mechanisms
15.3.1 Nonspecific Immune System (Innate)

The human system is composed of diverse innate and adaptive cells which play the
major role in providing response to various events encountered by the human body.
The network of these two cells acts as a regulator of host homeostasis. The entire
microbiome population is commensal to the host, and it is of vital importance in the
growth and development of the innate immune system (Duerkop et al. 2009). The
structural microbial cell wall components, such as lipopolysaccharides, stimulate
the innate immune system to generate cytokinins and interleukins, such like
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cytokines interleukin-1beta (IL-1p) and tumour necrosis factor alpha (TNFa) caused
by bacterial cell wall lipopolysaccharides (LPS); this intestinal activation com-
mences at the intestinal mucosal membrane and impacts every part of the body. The
gut microbiome communicates with the hypothalamic-pituitary-adrenal (HPA) axis
to mould an individual’s normal sleep cycle (Heumann et al. 1994).

Toll-like receptors (TLRs) are innate immune pattern recognition receptors that
are responsible for the normal growth and development of the intestinal mucosal
immune system and play a role in the recognition of microbial pathogens associated
with infants, such as group B streptococcus, respiratory syncytial virus (RSV) and
Listeria monocytogenes. The stimulation of these toll-like receptors in alcoholics’
peripheral blood mononuclear cells (PBMCs) by LPS and peptidoglycans was
linked to elevated messenger RNA and plasma levels of IL-8, IL-1 and IL-18. The
levels of IL-8 and IL-1 were found to be positively related to alcohol consumption.
They divided their chronic alcoholic population into those with high and normal
intestinal permeability using Cr51-EDTA (a marker when the radioisotope of
Chromium is complexed with EDTA, a chelating agent) as a probe of intestinal
permeability (Leclercq et al. 2014). The group with higher permeability had a
greater incidence of depression, anxiety and booze hankering than the group with
lower permeability, with a specific pattern of variations in the gut microbes popula-
tion, including a decrease in colonial expansion with bacteria known to be have
anti-inflammatory impacts (Bifidobacterium species and Faecalibacterium praus-
nitzii). Overall, the gut microbiome stimulates a chronic state of reduced activation
of the innate immune system of human beings, which is influenced by the circadian
layout of adrenal cortical activity. Because of increased intestinal permeability, such
altered exposure to building structures of the microbiota composition disrupts nor-
mal neuroendocrine regulation, resulting in abnormal CNS functions and other dis-
orders (Maes et al. 2007).

15.3.2 Specific Immune System (Adaptive)

The specific immune system is designed to react to microbiota with antibodies or
antigen-specific cell-mediated immune responses that can cause CNS dysfunction
via auto-immune responses caused by bacterial and self-protein molecular imitation
(Berer and Krishnamoorthy 2012). The mucosal membrane of the gastrointestinal
tract (GIT) is made up of closely linked cells called intestinal epithelial cells (EC)
that are covered by a mucin-hydrated gel layer that contains antibacterial substances
like secretory IgA (SIgA) and anti-bacterial peptides. The intestinal mucosal bound-
ary means preventing multiple intestinal microbes from invading mucus layer.
Bacteroides species (Bacteroides fragilis and Bacteroides thetaiotaomicron) can
enter the mucus layer and colonize epithelial cells in the tiny bowels as well as
colonic crypts, respectively (Peterson et al. 2007). Dendritic cells may present
microorganisms that penetrate the mucus layer to immune cells (DC). DCs can
transport a minimal quantity of commensal bacteria to the mesenteric lymph nodes
(MLN) and remain there for 28-30 days. The migration of these dendritic cells from
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the intestine to the mesenteric lymph node is confined to lymphatic vessels, and
DCs typically could indeed cross the very first deflating lymph node they approach,
preventing commensal bacteria from entering the systemic immune circulation,
required to ensure that these commensal bacteria can generate an efficient mucosal
immune response. Furthermore, parasitized epithelial cells can be readily taken up
by macrophages, allowing the antigen to be delivered and adaptive immunity to be
activated (Macpherson and Uhr 2004). B cells, for example, play an important role
in adaptive humoral immunity by generating a significant amount of sIgA antibod-
ies in response to commensal bacteria. Initially, the microbes are reference immu-
nogens that can stimulate the production of antigen-specific IgA. These sIgAs coat
commensal bacteria and then prevent their growth, limiting their ability to enter the
mucosal barrier, assisting the host to shield against pathogenic organisms and con-
tributing to the immunological balance between commensal bacteria as well as host
(Peterson et al. 2007).

15.4 Biochemical Mechanisms

Short-Chain Fatty Acids (SCFAs) As a result of bacterial fermentation of indi-
gestible carbohydrates, the normal colon produces large amounts of volatile fatty
acids, which are substances with carbon chain length of between two and four car-
bon molecules (acetate, propionate and butyrate). Increased SCFA production has
indeed been associated to the health advantages of consuming a great deal of fibre
(Macfarlane and Macfarlane 2011). For example, butyric acid fulfils 70% of an
energy requirement of colonic epithelium (De Preter et al. 2011) and has instanta-
neous anti-inflammatory effects through blocking nuclear factor kappa-B (NFkB)
activation. In addition to inhibiting NFkB, propionic acid also activates the peroxi-
some proliferator-activated receptor gamma, which may enhance insulin sensitivity
(Segain et al. 2000). Additionally, SCFA affects at least two molecular signalling
pathways histone deacetylation (HDAC) and G-protein-coupled receptors (GPCRs),
which have broad regulatory effects throughout the body. SCFA are organic GPCR
activators and inhibitors of histone deacetylases (Tan et al. 2014). The primary path-
way for carbohydrate digestion and absorption in enterocytes was impaired in biop-
sies of autistic children with GI complaints, showing a deficit of genes encoding
disaccharidases and hexose transport enzymes (Williams et al. 2011). This finding
suggests that bacterial dysbiosis results from an underlying impairment of digestion
and absorption. A unique genus of aerobic gram-negative rods called Sutterella was
found in the ileal biopsies of autistic children with GI complaints in a later report,
but not in any GI complaints in children who were not autistic (Williams et al.
2012). One of the main areas of research in autism today is the role of the gut micro-
biome and its metabolites in autism spectrum disorder (ASD) but the results do not
yet allow for a single coherent theory on which to base therapeutic choices (Mulle
et al. 2013; Stoner et al. 2014). The roots of autism may be found in utero, according
to a recent article in the New England Journal of Medicine that describes structural
brain abnormalities in autistic children that started during prenatal brain develop-
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ment (Hsiao et al. 2013). Perhaps the maternal gestational microbiome should
receive more attention. Maternal immune activation (MIA) of pregnant mice can
cause behavioural changes in their offspring that are like ASD. Bacteroides fragilis,
a single probiotic, improves communication and stereotypes while reducing exces-
sive gut permeability and gut microbial composition (Hsiao et al. 2013).

Dp-Lactic Acid p-Lactate, which is a byproduct of the microbial fermentation of
carbohydrates, is typically produced in excess when a small bowel resection enables
the delivery of a significant amount of carbohydrates to the colon. Increased intesti-
nal permeability and bacterial translocation across the intestinal mucosal barrier
may also result in an increase in D-lactate in plasma following other types of abdom-
inal surgery (Qiao et al. 2009). Prebiotics and probiotics can reduce the amount of
D-lactic acid that is produced in the gut, but they must be carefully chosen (Munakata
et al. 2010). Some Lactobacillus species can produce D-lactate. Beta-glucan (found
in oats and barley) in high doses can also increase intestinal permeability (Ewaschuk
etal. 2012). A combination of Bifidobacterium breve Yakult and Lactobacillus casei
Shirota as probiotics and galacto-oligosaccharide as a prebiotic successfully pre-
vented repeated neurotoxicity in a man with recurrent D-lactic acidosis caused by
short bowel syndrome who had become resistant to antibiotics and dietary restric-
tion. By inhibiting the growth of D-lactate-producing bacteria and promoting intes-
tinal motility, the combination, known as a symbiotic, enabled reduction in colonic
absorption of D-lactate (Takahashi et al. 2013).

Ammonia A well-known neurotoxin called ammonia is created in intestinal tract
from urea by bacterial ureases. The liver absorbs ammonia from the gut and uses it
in the urea cycle. Hepatic encephalopathy’s (HE) pathogenesis is aided by ammo-
nia. Ammonia alters the blood-brain barrier’s ability to function, which results in
abnormal neurotransmitters being produced in addition to direct neurotoxic injury
(Qureshi et al. 2014). Cirrhotic patients with or without HE has a different gut
microbiome composition, which has been linked to cognitive dysfunction (Bajaj
et al. 2012). Amounts of urease-producing microbes are positively associated with
cognitive problems in cirrhotic patients (Zhang et al. 2013). When the non-absorbed
antibacterial drug rifaximin is added to standard lactulose treatment, the rate of total
inversion of HE increases from 51% to 76% and the fatality rate decreases from
49.1% to 23.8%, highlighting the importance of gut microflora in pathogenesis
(Sharma et al. 2013). It has also been shown that using symbiotic to change the gut
microbiome can help patients with cirrhosis who suffer from cognitive
dysfunction.
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15.5 Neuroendocrine Mechanisms

Bacterial hormone and neurotransmitter syntheses and reactions are both possible.
Lactobacillus species produce acetylcholine and gamma-aminobutyrate (GABA);
Bifidobacterium species produce GABA; Escherichia species produce norepineph-
rine, serotonin and dopamine; and Bacillus species produce norepinephrine and
dopamine (Cryan and Dinan 2012). Human hormones and neurotransmitters influ-
ence the growth and virulence of these organisms. Host stressors may cause massive
changes in gut microbes’ composition as well as specific effects on potential patho-
gens (Lyte 2004).

Immune modulation is a function of lactic acid-producing bacteria that may
affect the overall composition of the gut microbiome. Humans appear to react simi-
larly to, if not entirely differently than, laboratory animals when exposed to psycho-
social stress. Because gut microbiota alters stress reactions in animal models,
probiotics have been used in several human clinical trials to investigate their effects
on stress reactivity and mood (Messaoudi et al. 2011). Tillisch et al. studied a group
of healthy women who were given a fermented dairy product containing
Bifidobacterium animalis subsp. lactis, Streptococcus thermophilus, Lactobacillus
bulgaricus and Lactococcus lactis subsp. lactis for 4 weeks. Patients attended func-
tional magnetic resonance imaging (MRI) both prior to and following the test to
measure resting brain activity and reaction to an emotional reactivity test. A control
group was given the same dairy product minus the probiotics. Consumption of a
probiotic beverage has been linked to changes in midbrain interconnection and a
decrease in work response in areas of the brain responsible for processing emotions
and visceral sensations (Tillisch et al. 2013). Thus, much research on the neuroen-
docrine impacts of gut microbes takes a pharmacodynamic approach rather than an
ecological one: a particular intervention is implemented, and specific outcomes are
tested. Unlike pharmaceuticals, however, gut microbes arise in a network of inter-
connected, highly organized living groups. A probiotic accomplishes a lot more
than introducing an unfamiliar species of bacteria that may or may not be capable of
identifying a market segment in the community.

It might alter community function, but it might also change community structure
in unexpected ways. According to human studies, people’s gut microbial composi-
tion varies significantly depending on their age, genetic background, physiological
state, communication with other microbes, environment and diet (Filippo et al.
2010). Furthermore, the ileum microbiota is dominated by various bacterial phyla
and is both easier and a little less steady than that of the colonic fecal matter micro-
flora (Booijink et al. 2010). Because of this complication, clinical and laboratory
studies on the health effects of modifying the microbiome must be conducted with
specific patient characteristics in mind (Galland 2006) (Fig. 15.1).
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Fig. 15.1 Mechanisms of gut microbiome affecting brain functionality

15.6 Parkinson’s Disease and Its Association
with the Gut Microbiota

With a varied diversity in the gut microbiota, it has become an emerging point of
research to detect different diseases, and one of the intriguing discoveries is the role
of the gut-brain axis in neurodegenerative diseases. Among these neurodegenerative
diseases, Parkinson’s disease has been found to be one of the most severely affected
by gut microbiome dysbiosis (Keshavarzian et al. 2020). Affecting over 4 million
individuals in the year 2005, and suspected to affect up to 8.7 individuals by 2030,
Parkinson’s disease is the second most common neurodegenerative disease, and it is
constantly worsening without any permanent cure and affecting multiple systems of
the body (Dorsey et al. 2018; Poewe et al. 2017; Zhu et al. 2022). It is usually seen
to be occurring amongst the middle aged to elderly population (Lajoie et al. 2021).

Parkinson’s disease is specified by abnormalities in the motor functioning, which
is characterized by tremors even while resting, bradykinesia, stiffness, rigidity, no
integrity in the body structure and issues with walking, and also by non-motor signs
like anosmia and hyposmia, fast blinking of the eye, troubles with sleeping, anxiety
or depression, not proper expression of the cognitive functions, dysautonomia,
impairment in the autonomic and enteric nervous system and disorders pertaining to
the gastro-intestinal tract, like constipation (Kalia and Lang 2015; Goldman and
Postuma 2014). One of the major symptoms of Parkinson’s disease pathogenesis is
the decrease in the number of dopaminergic neurons located in the substantia nigra
pars compacta, as well as the formation of Lewy bodies, which are formed by the
aggregation of a-synuclein (Abeliovich and Gitler 2016). The a-synuclein protein
found in Lewy bodies is toxic to the body and plays a key role in the onset of
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Parkinson’s disease. The development of the disease involves multiple mechanisms
like genetic aspects, aggregation of a-synuclein protein and difficulty in its removal,
improper functioning of mitochondria, ferroptosis, inflammation in the neural path-
ways and oxidative stress (Wang et al. 2022a; Yildirim et al. 2022; Segura-Aguilar
etal. 2014).

With an increase in the detection of symptoms, disorders of the gastrointestinal
tract including constant constipation for over a decade and gastroparesis seems to be
one of the earliest biomarkers to detect Parkinson’s (Wallen et al. 2022; Qian et al.
2020). The involvement of the infections of the GI tract made gut-brain axis a point
of interest for researchers who found that the axis shares a two-directional bridge
for the connection between enteric nervous system and the brain and is also respon-
sible for the distribution of a-synuclein due to the caudo-rostral gradient (Bullich
etal. 2019). The involvement of the gastrointestinal tract has also led to the research
of gut dysbiosis in relation to pathogenesis of Parkinson’s disease, and it is found
that the development of PD can be aggravated by the influence of the microorgan-
isms in the gut on the permeability of the intestine and inflammation of the colon,
which, in turn raises neuronal inflammation, increases the rate of deposition of
a-synuclein, increases radicals leading to oxidative stress and reduces the produc-
tion of neurotransmitter (Zhu et al. 2022). Owing to evidence of dysbiosis in the gut
microbiome in the Parkinson’s disease patient, multiple scientists have researched
in this field, and even studies on animal models have been carried out to detect the
origin of Parkinson’s from the gut and how the microorganisms affect the pathogen-
esis (Sampson et al. 2016).

Though there has been no conclusion that could be reached, there have been
multiple discoveries made on the way that show us the intricate involvement of
multiple gut microorganisms in the pathogenesis of PD. The meta-analysis of the
available 16S microbiome datasets revealed that there was a change in the gut
microbiome across the different patients affected by Parkinson’s disease. There was
an overexpression of the Lactobacillus, Akkermansia and Bifidobacterium genera
and Verrucomicrobiaceae family, and the under expression of the Lachnospiraceae
family and the Faecalibacterium genus (Romano et al. 2021). All the mentioned
bacteria are involved in the synthesis of short-chain fatty acids; however the change
in their numbers lead to a difference in the final metabolites being produced and a
reduction in the concentration of SCFAs, which causes difference in gut permeabil-
ity and leads to inflammation (Hu et al. 2020). Other studies show that change in the
number of Lactobacillus and Enterococcus faecalis are responsible for the change in
metabolism of Levodopa, by altering the levels of tyrosine decarboxylase. This
tyrosine decarboxylase is known to further disrupt the environment of gut due to
gut-brain axis by direct influence or by stimulating deep brain signals (Maini Rekdal
et al. 2019; Lubomski et al. 2021). Research has shown that the entry of certain
gram-negative bacteria in the gut triggers the immune mechanism in a way which
leads to the neuronal degradation and issues in motor functions. Also, curli, which
is an amyloidogenic protein, if produced in excess by Escherichia coli initiates the
aggregation of a-synuclein and increases the rate of neurodegeneration of the brain
(Sampson et al. 2020; Chen et al. 2016). Research has also shown that individuals
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Table 15.1 Gut microbiome dysbiosis that leads to pathogenesis of Parkinson’s disease

Change in gut Effect on PD

Lactobacillust Akkermansia? Bifidobacterium? Reduced secretion of short-chain fatty

Lachnospiraceae), Faecalibacterium], Proteus?t acids leads to increase in gut permeability

Bilophilal Roseburiat

Lactobacillust Enterococcus?t Changes level of tyrosine decarboxylase,
affecting gut-brain axis

Escherichia colit Increases the production of
alpha-synuclein

Helicobacter pylori infection Degrades motor functions severely

Prevotellaceae Leads to increase in gut permeability and

increase in the production of endotoxins
by the bacteria

Ralstonia?l Proteobacterial Enterococcaceae? Increase in the production of pro-
Coprococcus| Roseburial Faecalibacterium) inflammatory cytokine
Desulfovibrionaceae? Bifidobacterium?Bilophilat | Fermentation of carbohydrates is reduced,
Akkermansia? butyrate production is lowered, amino
Lachnospiraceae) Faecalibacterium)], acid metabolism increases

1 indicates increase in number of bacteria
| indicates decrease in number of bacteria

who have suffered from an infection by Helicobacter pylori are at an added risk of
Parkinson’s and the motor functions get degraded severely (Romano et al. 2021).

It is being concluded that in a patient with Parkinson’s disease, there is a signifi-
cant change in the composition of gut microbiome which results in change of the
metabolic products produced by the gut—there is an error in the f-glucuronate and
tryptophan degradation pathways, and neuroprotective compounds like SCFAs, ubi-
quinones and salicylate, along with neurodegenerative compounds like sphingosine,
ceramides and trimethylamine N-oxide, see a definite change in their levels in the
patient. This constant relation of gut microbiota and Parkinson’s disease establishes
that any change in the concentration of the gut microbiome leads to a difference in
the symptoms of Parkinson’s including the length of the disease, the rate of deple-
tion of motor functions and the development of one or more non-motor characteris-
tics (Lopez-Otin et al. 2013; Kierdorf et al. 2019).

Owing to the difference in gut microbiome in PD patients, the gut microorgan-
ism environment is being considered as a biomarker for the diagnosis and evalua-
tion of the progression of Parkinson’s disease (Rowland et al. 2018). There has been
proof of many other bacteria, the change in whose numbers leads to different symp-
toms in PD, and they have been described in Table 15.1 (Fig. 15.2).

15.7 Influence of Gut Microbiota Metabolites
on Brain Ageing

In recent years, changes in the gut microbiome have been linked to the onset of age-
related illnesses such as Alzheimer’s and Parkinson’s disease, as well as other brain
conditions such as anxiety, depression and schizophrenia. For a variety of reasons,
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Fig. 15.2 Changes in the gut that affects the brain leading to Parkinson’s disorder

the bacterial population of the host’s gastrointestinal tract can change. Aside from
dietary changes and regular antibiotic use, ageing has a significant impact on the
microbiome. Older people with age-related diseases and cognitive impairments
have higher levels of metabolites derived from the microbiota when compared to
younger, healthy age groups (L6pez-Otin et al. 2013). Choline and trimethylamine
are two metabolites that have been identified as having higher concentrations in
elderly hosts and are also known risk factors for age-related diseases. These metab-
olites have been shown to activate innate immunity inside the central nervous sys-
tem by affecting the improvement and activation status of brain-resident
macrophages, even though the underlying mechanisms and pathways remain largely
unknown. Non-parenchymal macrophages and parenchymal microglia, which make
up the brain’s macrophage population, live in the perivascular spaces, meninges and
choroid plexus, respectively (Kierdorf et al. 2019).

15.7.1 Gut Metabolites in Ageing

Bacteria in the GIT contribute significantly to the breakdown of indigestible sub-
stances by producing a variety of enzymes (Rowland et al. 2018). Gut microbiotas
produce a wide range of metabolites in addition to aiding digestion. These bioactive
substances have significant effects on the host, including the regulation of metabolic
pathways via feedback mechanisms, nutrient absorption and the composition of the
microbiota itself. Bacterial metabolites include short-chain fatty acids (SCFAs),
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choline metabolites and bile acids, to name a few. The levels of bacteria-derived
metabolites change because of age-related changes in the gut microbiota (Salazar
et al. 2013). Eight metabolites were found to be significantly different in faeces of
elderly people with age-matched or mismatched gut microbiomes (Yoshimoto et al.
2021). Three of these metabolites were particularly abundant in stool samples from
people with an elderly gut type. Propionic acid, trimethylamine (TMA) and choline,
its precursor, were all widely available. Interleukin (IL) 8 and IL-21, two pro-
inflammatory cytokines that promote colorectal cancer cell growth and survival,
were also expressed because of choline and TMA induction (Mager et al. 2016).

As a result, as people age, different metabolites can enter the bloodstream and
eventually the brain, whether they come from food sources or produced from GIT
microbe directly. When the gut epithelium and BBB are still in good shape and at
younger ages, this process is inhibited. N6-carboxymethyl lysine (CML), a metabo-
lite found in processed foods and associated with ageing in human sera and brains,
has been confirmed as one of these metabolites. Older mice had higher levels of
CML, which was caused by an increase in intestinal permeability that was depen-
dent on the microbiota. This increase also resulted in the production of microglial
reactive oxygen species (ROS), which inhibited mitochondrial function and reduced
ATP production and storage (Mossad et al. 2022). In vivo studies on human ageing
are conflicting, but elevated levels of some age-associated metabolites contribute to
increased gut permeability in vitro. More recent in vivo and ex vivo human studies
found no discernible differences in the permeability of the small intestine, colon or
entire gut between young and old people (Wilms et al. 2020).

15.7.2 Parenchymal Microglia in Ageing

Microglia are thought to play a role in several CNS disorders during neurodevelop-
ment and neurodegeneration (Sierra et al. 2019). They play crucial roles in the devel-
opment, homeostasis and several CNS pathologies in the brain. Rapidly reacting to
pathogen invasion and neuronal injury, microglia regulate neuronal cell survival,
apoptosis, synaptic pruning, synaptogenesis and myelination (Li and Barres 2018).

Through constant motion, protrusion and retraction of the processes, microglia
can scour large areas of their microenvironment for damage- and pathogen-
associated molecular patterns (DAMPs, PAMPs). Furthermore, cell-cell interac-
tions between microglia and vascular system cells, astrocytes and neurons are
influenced by their processes (Colonna and Butovsky 2017). When microglia come
into contact with DAMPs or PAMPs as a result of infection, trauma or neurodegen-
erative pathologies, they undergo morphological change into an amoeboid struc-
ture, allowing migration and phagocytosis at the site of injury (Nimmerjahn et al.
2005). MHC II antigens were found to be expressed more frequently because of
altered gene expression as well as morphological changes. Furthermore, activated
microglia release pro-inflammatory cytokines, amplifying the inflammatory
response (Kim and Joh 2006). Increased levels of pro-inflammatory cytokines, such
as those from the interleukin (IL) family, such as IL-1 and IL.-6 and tumour necrosis
factor (TNF) can harm glial cells and neurons as well as the CNS cells they are
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supposed to protect. As a result, chronically activated microglia or an imbalance in
the release of pro- and anti-inflammatory cytokines are thought to play a role in the
onset and progression of neurodegenerative diseases (Smith et al. 2012). Recent
research has also revealed that the aged brain’s microglia release higher baseline
levels of pro-inflammatory cytokines such as TNF, IL-1, IL-6 and IL-12b, as well as
anti-inflammatory mediators such as TGF-1 and IL-10, which balance one another
to maintain a steady state. Similar results have been observed in human brains with
Alzheimer’s disease (AD) (Miller and Streit 2007).

15.8 Treatment Methods: Altering the Gut Microbiome
to Alter Parkinson’s Disease

Since the gut microbiome is very intricately related to pathogenesis of Parkinson’s
disease (PD), it was thought to be a good approach for treating PD. All methods—
use of probiotics, prebiotics and antibiotics; performing faecal microbiota trans-
plantation (FMT) and modifying diet; focus on changing the gut microbiome to
make it suitable to relieve the symptoms of PD. They focus on increasing the pro-
duction of neurotransmitters, altering host metabolites and increasing neuroprotec-
tive actions of different pathways.

Probiotics: Probiotics is defined as “live microorganisms which when adminis-
tered in adequate amounts confer a health benefit on the host” by the International
Scientific Association for Probiotics and Prebiotics (ISAPP). They know to
be extremely good at handling disorders of the gastrointestinal tracts, and can
be usually used without the stress of side effects (Gibson et al. 2017; Hill et al.
2014). Most of these tests have been carried out using 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) and rotenone toxin-induced Parkinson’s disease mouse
models to check for the effects of the different probiotics on human hosts (Sun et al.
2018; Zhao et al. 2021). Strains like Bifidobacterium, Streptococcus and Lactobacilli
are known to reverse the symptoms of Parkinson’s to some extent (Georgescu et al.
2016). The constant consumption of milk shows an improvement in bowel move-
ment and prevents the growth for Staphylococci in the gut, due to the presence of
Lactobacillus casei Shirota (Cassani et al. 2011). A Bacillus species taken as pro-
biotic has the capacity to convert L-tyrosine into L-DOPA, which can substitute the
function of dopamine in patients with Parkinson’s. Also, addition of certain bacteria
of the Enterococcus species in the intestine produces tyrosine decarboxylases, and
can change levodopa to dopamine (Surwase and Jadhav 2011).

Also, use of probiotics containing a mixture of B. animalis lactis, L. rhamnosus
GG and L. acidophilus acts as a protector to the neurons (Srivastav et al. 2019). The
combination of multiple bacteria in the probiotics like L. acidophilus and B. infantis
benefit in treating of bloating and reduction of abdominal pain in the PD patients
(Hill et al. 2014). Also, another combination of L. reuteri, L. acidophilus, B. bifidum
and L. fermentum can decrease issues related to motor functions (Tamtaji et al.
2019). On the other hand, supplementing L. plantarum PS128 for about 3 months
with regular medicines for PD increases the UPDRS motor score and QOL of the
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patients suffering from PD (Lu et al. 2021). It can also prevent hyperactivation of
glial cells, maintain MPTP-induced oxidative-stress and swelling of the neurons,
reduces deficiency in motor functions and neurotoxicity and even increases the con-
centration of serotonin and dopamine to control anxiety-related behaviour, by man-
aging the gut microbiome and increasing motility and production of mucin in the
intestine (Liao et al. 2020; Chen et al. 2021).

There is also a probiotic mixture made up of L. acidophilus and B. animalis lactis
that is known to increase the amount of butyrate in the body. This, in turn, protects
nigral dopaminergic neurons from MPTP and neurotoxicity due to rotenone
(Srivastav et al. 2019). Also, oral intake of probiotic B. breve strain Al can increase
the memory extinction in hippocampus by restoring induction rate in neurons (Ishii
etal. 2021).

Also, Clostridium butyricum in the form of probiotic increases motor func-
tions, reduces neuron loss and issues at the synapse and activates the microglia
using gut microbiome through the GLP-1 pathway (Sun et al. 2021). Other than
these, another mixture comprising S. thermophilus CRL 807, L. plantarum CRL
2130 and CRL 808 is known to facilitate motor behaviours and decrease the rate of
neuroinflammation.

Even other strains like L. salivarius AP-32 and L. rhamnosus HA-114 are under
research as they have been noted to show properties to increase antioxidant activi-
ties and also improve hippocampal activities (Perez Visiuk et al. 2020).

Thus, it can be said that in PD patients, the constant administration of probiotics
is known to show neuroprotective actions on the dopaminergic neurons. Despite
most of these probiotics showing eminent results in animal models, before using
them in clinical trials the determination of exact dosage and duration of administra-
tion must be determined to avoid mishaps (Xie and Prasad 2020). Apart from direct
probiotics, there are different classes amongst them that get used in the management
of PD. Postbiotics are metabolites produced by bacteria in the form of probiotics
which are functionally bioactive. They have immunomodulatory, anti-inflammatory,
anti-obesogenic, anti-proliferative, anti-hypertensive, hypocholesterolemia and
antioxidant activities (Liu et al. 2020). One such compound is butyrate, which can
act towards the revival of motor functions, decrease dopamine deficiency and pre-
vent inflammation of neurons. Also, it can stimulate the production of colonic glu-
cagon which shows neuroprotective actions (Cuevas-Gonzalez et al. 2020). Another
class of compounds are the psychobiotics that usually act as an adjunct to other
treatment methodologies and provide psychological relief in case of neurodegenera-
tive disorder in patients. L. plantarum DP189 is a tested psychobiotic that prevents
accumulation of a-synuclein by managing oxidative stress and inflammation (Wang
et al. 2022b). Live biotherapeutic products (LBP) are another class of medicines
that may or may not be classified under probiotics. LBPs not only include food
supplements but also go on to include drugs and medicines. Parabacteroides dista-
sonis (MRX0005) and Megasphaera massiliensis (MRX0029) have shown anti-
inflammatory and antioxidant effects in glioblastoma and astrocytoma cells (Ahmed
etal. 2019).
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Thus, it can be said that in PD patients, the constant administration of probiotics
is known to show neuroprotective actions on the dopaminergic neurons. Despite
most of these probiotics showing eminent results in animal models, before using
them in clinical trials the determination of exact dosage and duration of administra-
tion must be determined to avoid mishaps.

Prebiotics They are fibres taken in with the diet which are easily digested. They
can increase the activity of different microorganisms present in the gut to the benefit
of an individual (Klaenhammer et al. 2012). The first-time use of prebiotics in the
treatment of PD came into concept when sodium oligomannate was able to success-
fully result in the mitigation of Alzheimer’s. Ever since, multiple clinical trials have
been carried out which have shown a resounding decrease of symptoms developed
in Parkinson’s (Wang et al. 2019; Xiao et al. 2021). Supplementation of prebiotics
in the diet has shown reduction of non-motor symptoms and decrease in calprotec-
tin, the inflammatory marker. It has also shown an increase in butyrate in PD
patients, which can thus cure the issues cropping up owing to reduction of SCFAs
in butyrate-producing bacteria (Becker et al. 2022). This will also help in facilitat-
ing the function of gut-brain axis and improve the integrity of blood-brain connec-
tion and inhibit histone deacetylase which is responsible for the cell death of neurons
(Dalile et al. 2019). Butyrate-producing bacteria can also initiate Atg5- and PI3K/
Akt/mTOR-related autophagy which is known to degrade alpha-synuclein, and
increase striatal dopamine (DA) concentration (Qiao et al. 2020). Also, prebiotics
can be useful in the maintenance of the CNS, as fB-galacto-oligosaccharides and
fructooligosaccharide play a key role in the maintenance of synapse plasticity and
coordination of memory (Savignac et al. 2013).

Synbiotics Synbiotics are composed of probiotics and prebiotics combined to pro-
duce a synergistic effect, where the prebiotic acts to facilitate the metabolism of a
probiotic microorganism. Polymannuronic acid and Lacticaseibacillus rhamnosus
GG when supplied in combination shows better results than they do individually in
preventing loss of dopaminergic neurons, improving locomotive functionality and
increasing production of tyrosine hydroxylase (Liu et al. 2022). They also reduce
inflammation in the neurons, fortify the blood-brain barrier and increase the produc-
tion of neurotrophic factor and thus prevent cell death in the striatum. However, the
problem lies in the fact that identifying a pair of prebiotic and probiotic that corre-
spond to show synergistic effect is a challenge and hence the application is limited
(Lin et al. 2023).

Antibiotics Antibiotics are compounds derived from microorganisms that can kill
or inhibit the growth of other microorganisms at low concentrations. For PD induced
due to pathogenic infection in the GI tract, antibiotics have shown remarkable
results in treatment. Helicobacter pylori in known to infect the small intestine which
disbalances the concentration of other bacteria leading to a great impact on the ini-
tiation of Parkinson’s; however the use of antibiotics to prevent the multiplication of
H. pylori showed a great improvement in the characteristics of PD (Bjarnason et al.
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2005). Combinations of different antibiotics are known to prevent neurotoxicity due
to MPTP of the dopamine neurons and striatum (Koutzoumis et al. 2020). There
were pronounced results even with broad-spectrum antibodies like vancomycin, tet-
racycline, minocycline, rifampicin and neomycin in preventing loss of dopamine
neurons, increasing motor functions and reducing inflammatory reactions
(Bortolanza et al. 2018; Cankaya et al. 2019; Burak et al. 2014). Certain antibodies
are known to decrease amounts of Firmicutes and increase amounts of Proteobacteria,
Verrucomicrobia, Bacteroidetes and Cyanobacteria, which in turn decrease
Interleukins and tumour-necrosis factor levels to prevent inflammatory reactions
(Koutzoumis et al. 2020; Pu et al. 2019).

15.9 Faecal Microbiota Transplantation (FMT)

It is a process in which to re-establish the normal gut microbiome, stool from a
healthy individual is placed in the GI tract of the unhealthy patient (Fan et al. 2022).
In the procedure, firstly the required microorganism is recognized, and then the
stool sample is homogenized, filtered out and resuspended, then colonoscopy and
enema are performed in the unhealthy individual and finally the lyophilized capsule
is administered into the patient via orogastric tube or as an oral pill (Biagi et al.
2013). FMT over time has been used as a treatment method for diseases like bowel
syndrome, type II diabetes, ulcerative colitis and various neurodegenerative disor-
ders. In PD, FMT helps in curing Gl-related symptoms, and in establishing com-
munication with the vagus nerve (Glass et al. 2010). FMT allows the change in gut
metabolites that affect neural pathways and activates the production of neuroactive
compounds while preventing the production of neurotoxic compounds, strengthens
the gut barrier and initiates the immune system. Recent studies have shown that FMT
treatment in PD patients can increase the Blautia and Prevotella species and show a
decrease in Bacteroidetes phylum, thus reducing constipation and alleviating non-
motor symptoms of the disease (XiaoYi et al. 2021). Also, faecal transplantation can
increase the number of Proteobacteria, Turicibacterales and Enterobacteriales and
decrease the number of Firmicutes and Clostridiales in the gut thus bettering the gut
dysbiosis, reducing comorbidities in GI, increasing the DA and 5-HT concentration,
reducing the initiation of microglia and astrocytes in substantia nigra and improv-
ing the motor impairments. It also subdues the TLR4/TNF-a signalling pathway
thus preventing the gut and brain from swelling (Sun et al. 2018). FMT can also
reduce trembling in PD patients, relieves physical dysfunction and improves anxi-
ety or depression (Huang et al. 2019). However, FMT sometimes may cause worse
dyskinesia, reducing the numbers of Lachnospiraceae and Ruminococcaceae if the
concentration of stool samples is not well estimated, and so during administration
there has to be extra care taken (Keshavarzian et al. 2015).

Diet Modifications: Researchers have revealed that diet plays a key role in affect-
ing the onset, development and curing of Parkinson’s disease. Usually, consumption
of a balanced quantity of carbohydrates, proteins and fats, along with vegetables,
fruits and omega-3 fatty acids, with high quantities of fibres, flavonoids and



15 Exploring the Interplay Between Gut Microflora and Parkinson’s 325

polyphenols, like seen in a Mediterranean diet, has great neuroprotective actions
thus preventing PD (Uyar and Yildiran 2019; Maraki et al. 2019). Usually, it is also
recorded that depending on the calorie taken in by a patient, there’s a change in the
severity of symptoms experienced by the patients (Barichella et al. 2017). Initially
it was thought that the diet helps by mitigating inflammatory reactions; however,
recent discoveries show that diet brings changes to the gut microbiome which in
turn affects PD. Diet high in carbohydrates or containing fibres allows the release of
SCFAs by the gut microorganisms that in turn are beneficial in PD. Diet primarily
based on protein, with low carbohydrates, known as ketogenic diet is known to
improve the motor functions in PD patients, by increasing SCFAs and decreasing
y-glutamyl amino acid (Kraeuter et al. 2019; Li et al. 2022). Polyunsaturated ©-3
fatty acid also can affect the gut microbiome to reduce oxidative stress and the
aggregation of a-synuclein (Perez-Pardo et al. 2018). Also, diet based on calorie
limitation and timely fasting increases Lactobacillus species in the gut and increases
the amount of P-hydroxybutyrate, fibroblast growth factor and ghrelin levels by
altering the gut microbiome to increase neuroprotective actions in PD patients
(Bayliss et al. 2016; Srivastava and Haigis 2011). Dietary treatment though looks to
be a promising venture for treating PD, but it requires to be personalized making it
difficult to be an assured method.

15.10 Conclusion and Future Perspective

The gut microbiota can have an impact on human health in both positive and nega-
tive ways. There is mounting evidence that the gut microbiome resembles an aston-
ishingly diverse and densely populated microbial community that is essential to
both human health preservation and disease pathogenesis. The gut microbiome is
the genome of all the microorganisms that live in the gastrointestinal (GI) tract.
Researchers have been able to describe the gut microbiome with unprecedented
precision thanks to advancements in DNA sequencing technology and new bioin-
formatics tools. Modern brain-disorder treatments frequently focus on restoring
dysregulated neurotransmission in the affected brain regions. Intestinal microbiota
and brain communication research have peaked in recent years, but it has also
revealed several mechanisms by which the human host responds to commensal and
pathogenic bacteria. The communication between the brain and the microbiota is
mediated by epithelial receptor-mediated signalling, immune regulation and stimu-
lation of enteric neurons by bacterial metabolites.

The industry has made significant efforts to combat diseases affecting the elderly,
such as metabolites produced in the gut that can travel to the brain and affect brain
macrophages. As a result, understanding the underlying mechanisms of age-related
dysbiosis, which alters metabolites derived from the gut and thus affects the CNS as
well as the host’s immune and endocrine responses, is critical. According to several
studies, microbial metabolites can influence the morphology and function of brain
macrophages. Two of these modifications are polarization and phagocytic capacity,
which in turn regulate behaviour and emotional processes. A fundamental issue that
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must be addressed is the notion that age-related changes in gut microbial ecology
and function, as well as the involvement of specific bacterial species, may be predic-
tive of relevant clinical issues. The moderate and long-term impact on mental as
well as cognitive performance is a barrier in current microbe scientific research.
Parkinson’s disease and other neurodegenerative problems in older people, and
autism and attentiondeficit/hyperactivity disorder affecting younger people, have
been a major region of research over the past decade, and therapies are being devel-
oped for the same, however the result currently is depressing. Future research will
reveal whether microbes can be used to produce therapeutic neurotransmitters for
the treatment of psychiatric disorders. For therapy to be effective, any potential side
effects, such as those caused by the presence of receptors or epigenetic processes in
tissues other than the brain, must be investigated.

Finally, GI microbiome regulation or modification via diet may offer significant
benefits for preventing and treating brain-related disorders, prompting a few experts
to propose specific microbiota developments for use as potential psychotropic ther-
apies. Because there are numerous ways to combine prebiotics and probiotics with
other nutritional compounds, future mechanistic studies are required to establish the
true potential of such psychotropic therapies to deliver the anticipated benefits in the
targeted populations. Treatments based on probiotics and microbiota may take
months or years to influence neuropsychiatric conditions, but the microbiome’s
impact on host coagulation can be felt fairly quickly. In this regard, integrating mul-
tiple metabolomic, metagenomic, meta transcriptomic and proteomic methods will
be a promising approach to enable a more detailed portrayal of the multifaceted
microbial ecosystem and key metabolites to validate their therapeutic potential as
adjuvants in the treatment of age-related gut-brain axis pathologies. Further research
is needed to explore how specific microbial metabolites influence brain macrophage
morphology, function, and their role in regulating behaviour and emotional pro-
cesses. Investigating whether alterations in specific gut bacterial species can predict
the development of age-related brain disorders holds promise for early intervention
and preventative strategies. Exploring the potential of manipulating the gut micro-
biome to produce therapeutic neurotransmitters for treating psychiatric disorders is
a fascinating avenue for future research. However, evaluating potential side effects
and targeting specific brain regions are crucial considerations. The potential of
dietary modulation to regulate or modify the gut microbiome offers significant
promise for preventing and treating brain-related disorders. Future mechanistic
studies are needed to determine the most effective prebiotic and probiotic combina-
tions and their long-term benefits for specific patient populations. Developing psy-
chotropic therapies based on probiotics and microbiota manipulation requires
further investigation, considering the potential delayed effects on neuropsychiatric
conditions. Integrating metabolomic, metagenomic, metatranscriptomic, and pro-
teomic methods holds promise for comprehensively characterizing the gut microbi-
ome ecosystem and identifying key metabolites with therapeutic potential for
age-related gut-brain axis pathologies.
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Abstract

The ageing process is increasingly being attributed to the gut microbiome. It has
been hypothesized that age-related gut dysbiosis is influenced by the immune
system deterioration in the ageing intestinal epithelium. There is evidence that
the microbiome structure may have an impact on how quickly people age. These
changes take place over time gradually. The age-related changes, including nutri-
tion, frailty, and inflammation have a major impact on the breakdown of the
symbiotic relationship between the host and the gut microbiome. Reduced
microbiota diversity has demonstrated a key sign of age-onset dysbiosis, which
may cause certain bacterial groups to proliferate. A healthy gut microbiota is
essential for controlling metabolism, fighting off infection and inflammation,
preventing cancer and autoimmune diseases, and regulating the brain-gut axis. A
healthy and non-pathological ageing process may be facilitated by gut microbi-
ota manipulation, which may also serve to prevent the development of degenera-
tive pathways. In this chapter, we describe and explain how the gut microbiome
affects human cells in health and disease, its involvement in cellular senescence
in ageing, and the link between the gut microbiome and cellular senescence. We
also discuss how to use this knowledge to develop microbiome-based anti-ageing
and pro-longevity treatments.
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16.1 Introduction

The genetic makeup of the diverse ecosystem of all microorganisms living in the
human gastrointestinal tract is known as the gut microbiome (GMB) (Thursby and
Juge 2017). The gut microbiota is composed of more than 1500 types of microor-
ganisms, including bacteria, protozoa, viruses, fungi, yeast, and archaea. It com-
prises more than 3 million genes and more than 100 trillion of these microbes
(Dekaboruah et al. 2020). The metabolites that these genes produce, which number
in the millions, modify or replace numerous human processes (Gilbert et al. 2018).
The gut microbiome helps maintain homeostasis throughout life. Numerous inflam-
matory infections and diseases have been related to the pathophysiology of dysbio-
sis, or altered gut microbial composition (Vaiserman et al. 2017).

The four bacterial phyla Firmicutes, Bacteroides, Proteobacteria, and
Actinobacteria constitute around 98% of these microorganisms (Alam et al. 2020).
The extensive, multifactorial process of ageing, which is primarily brought on by
the development of DNA damage, comprises a variety of physiological, epigenomic,
metabolic, and immunological alterations that result in functional degradation
(Conway and Duggal 2021). The host’s gut microbiota play crucial roles in diges-
tion and mineral absorption, lipid storage and metabolism, vitamin and amino acid
biosynthesis, the suppression of pathogenic microbial species, carbohydrate fer-
mentation, maintenance of intestinal barrier integrity, induction of an immune
response, and the development of the central nervous system (Rowland et al. 2018).

The results of recent studies involving model organisms suggest that age-related
intestinal dysbiosis may be a factor in unhealthy ageing and shorter lifespan.
Through a variety of proteins, food signalling-independent pathways, and epigene-
tic mechanisms, the gut microbiota interacts with the host (Kim and Jazwinski
2018). It has been determined that senescent cells (SCs) are responsible for organ-
ismal ageing and also they seriously affect the gut microbiome (Sharma 2022).
They increase with ageing and their senescence-associated secretory phenotype
promotes the chronic, pro-inflammatory systemic condition (inflammaging) that
characterizes ageing, decreasing stem cells’ ability for regeneration and increasing
the chance of developing age-related diseases (Ferrucci and Fabbri 2018). In this
chapter, we delve deeper into the intricate relationship between the gut microbiome
and the aging process. We explore how age-related changes in the gut microbiota
may contribute to senescence and age-related disorders, and conversely, how
manipulating the gut microbiome might offer promising avenues for preventing or
mitigating these effects.
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16.2 The Relevance of the Gut Microbiome in Health
and Disease

The gut microbiota interacts with the host organism from conception to senescence,
helping to control a number of metabolic pathways by producing substances that
can impact the epigenetic changes linked to critical cell activities (Rooks and
Garrett 2016).

The gut microbiome equilibrium is essential for maintaining the homeostatic
balance of epithelial cell proliferation, metabolism, inflammation, and immune sys-
tem stimulation. Furthermore, it regulates gut-brain communication, which affects
mental and neurological health (Kho and Lal 2018). The human gut microbiota also
plays a number of significant roles, such as controlling insulin resistance and having
an effect on insulin secretion. These roles include aiding pathogen defence by colo-
nizing mucosal surfaces and producing various antimicrobial compounds (Caricilli
and Saad 2013). Multiple sclerosis, depression, allergies, and anxiety have all been
related to the disruption of this ecosystem brought on by either flaws in the integrity
of the gut barrier or an increase in pro-inflammatory cytokines produced by the gut
microbiome (Durack and Lynch 2019).

16.3 Ageing and Gut Microbiome

Ageing is a normal, time-dependent physiological process or a complicated interac-
tion between hereditary and environmental factors, and it causes changes in many
aspects of life, including biology, the environment, behaviour, and society (Shilpa
et al. 2018). The overall functions also start to decline as a result. Genomic instabil-
ity, epigenetic changes, telomere attrition, and loss of proteostasis are the main
molecular and cellular markers of ageing (Lidzbarsky et al. 2018).

These factors trigger compensatory mechanisms like disturbed nutrient sensing,
cellular senescence, and mitochondrial dysfunction, which then lead to stem cell
exhaustion and altered intercellular communication, which are the main causes of
functional decline in ageing. Because it regulates immune system response and its
dysregulation may perpetuate pro-inflammatory states, the gut microbiome contrib-
utes to age-associated alterations and longevity (Tan et al. 2021).

As a result, low-grade systemic inflammation (also known as “inflammaging”)
increases a person’s vulnerability to chronic illnesses and disabilities, such as meta-
bolic disease, cognitive decline, cardiovascular disease, frailty, and death. Age-
related alterations in the gut microbiota have been observed as a rise in
pro-inflammatory symbionts and a decline in helpful microorganisms that may shed
light on the genetic and biological origins of ageing and age-related disorders (Xu
et al. 2021). It has been determined that the gut microbiome and ageing are corre-
lated, as evidenced by the decline in physiological function and deterioration of
tissue structure that occur with ageing, both of which are accompanied by changes
to the gut microbiota that affect the host-immune system’s maturation, regulation,
function, and senescence (Nagpal et al. 2018).
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16.4 The Structure of the Microbiota Changes with Age
and External Factors

The composition of the gut microbiota is influenced by a number of important fac-
tors, including lifestyle, nutrition, diseases, alcohol usage, antibiotic use, probiotic
use, immune response induction, and the amount of IgA produced by B cells (Hasan
and Yang 2019). When comparing young and elderly people, the taxonomic compo-
sition reflects their current and historical health status (Hou et al. 2022).

Ruminococcus, Prevotella, and related genera had lower relative abundance in
the gut microbiota of elderly persons than in young people, and the relative propor-
tion of Bacteroides spp. was larger (53%) than that of Clostridium species (Rinninella
etal. 2019). A low-grade inflammatory condition that affects the immune system is
brought on by age-related abnormalities in the gut microbiota, which result in a
combination of fewer beneficial bacteria and more pro-inflammatory organisms
(Wu et al. 2021a).

Adults have a gut microbiota that is more flexible, sophisticated, and able to
withstand exogenous invasions like stress, but it is still susceptible to changes
brought on by the environment (Gilbert et al. 2018). A unique core microbiota that
is dominated by the Bacteridaceae, Ruminococcaceae, and Lachnospiraceae fami-
lies and that diminishes with age was reported in studies on Italian centenarians
(99-104 years old) and semi-supercentenarians (105-109 years old) (Ragonnaud
and Biragyn 2021).

16.5 How the Gut Microbiome Affects Human Ageing!

In contrast to chronological age, some changes in the composition and diversity of
the gut microbiota are related to biological or functional age. The gut microbiome
affects inflammation and perhaps even an elderly person’s longevity (Badal et al.
2020). Young adults have a varied population of gut flora colonizing the lumen and,
in particular, the mucin layer of their intestines. These microbes coexist with the
host in a symbiotic relationship (Thursby and Juge 2017). Akkermansia muciniphila
in particular is a member of the Verrucomicrobia phylum that supports gut barrier
integrity, preventing leakage and the accompanying production of inflammation.
Due to an increase in potentially pro-inflammatory bacteria and a decrease in ben-
eficial microbes, such as members of the Verrucomicrobia genus, the composition
of the gut flora and microbial diversity in the elderly are altered (Geerlings et al.
2018). Systemic inflammation that results from this promotes ageing-related mor-
bidities and early death. It also causes gut leakiness. Despite the microbiota of cen-
tenarians changing, it still exhibits diversity and beneficial microbiota, which helps
to reduce overt inflammation and promote good ageing (Al Bander and Nitert 2020).

The microbiome is alone in charge of producing short-chain fatty acids (SCFAs)
because it breaks down indigestible fibres. These have a variety of roles in the body,
including defending and maintaining intestinal integrity, battling infections, supply-
ing bacteria and colonocytes with energy, regulating microbial functions,
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Fig. 16.1 Gut homeostasis characteristics in healthy ageing. In these circumstances, the gut
microbiota controls the generation of anti-microbial peptides (AMPs) and improves the gut barrier
integrity by creating short-chain fatty acids (SCFAs). Immune cells contribute to host defence
including, dendritic cells (DCs) and macrophages induce the activation and differentiation of naive
T cells for production of anti-inflammatory markers by lymphoid cells (e.g. Th1, Th17) and B cells
that induce anti-bodies from plasma cells to bind commensal microbes and soluble antigens

modulating immune cell development, and activating CD8+ T lymphocytes
(Morrison and Preston 2016). Th17 cells, ILC2 and IgA-secreting B cells, regula-
tory T cells (Tregs), IL-10, and Transforming growth factor (TGF)-producing cells
are all induced by the gut microbiota (Pandiyan et al. 2019). This is providing an
important role in the regulation of immunological homeostasis (Fig. 16.1). Study on
aged mice showed a rise in pro-inflammatory microbes and a fall in good gut flora
such as SCFA-producing species of Clostridium and A. muciniphila (Ragonnaud
and Biragyn 2021).

16.6 Microbiome-Based Ageing Interventions

Age-related inflammation is accompanied with immune system remodelling (immu-
nosenescence) that causes autoimmunity, immune incompetence, increased suscep-
tibility to bacterial and viral infections, and subpar vaccination responses
(inflammaging) (Ray and Yung 2018).
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Fig. 16.2 Schematic illustrations of dysbiotic gut microbiome with the loss of barrier integrity
and breach in the intestinal epithelial cell barrier in ageing. Impaired intestinal barrier integrity
causes microbe translocation, microbial partial expansion of certain bacteria, and metabolic insta-
bility. Intestinal immune system is activated through TLR activation. Inflammatory cytokines are
produced as a result of the hyperactivation of T helper cells (e.g. Th17), which sets off an inflam-
matory cascade

The immune system, including the maturation of antigen-presenting cells, the
establishment of germinal centres for B-cell maturation, and the microbicidal activi-
ties of macrophages and neutrophils, is affected by the gut microbiome, which has
the capacity to determine healthy ageing. The microbiome-based interventions may
possibly reduce immune ageing and ameliorate several age-related diseases due to
altering the gut microbiome composition (Fig. 16.2). The gut epithelium is damaged
resulting in reduced intestinal integrity because risk of malnutrition increases with
advancing age (Walrath et al. 2021).

16.7 Anti-ageing Interventions and Intestinal Microbiota

Due to the fact that the gut microbiota may be affected by a various anti-ageing fac-
tors, involving nutrition, medication, and exercise, it has emerged as a crucial com-
ponent of the anti-ageing process (Hasan and Yang 2019). A balanced diet and
regular exercise are linked to a longer life expectancy and good ageing. Prebiotics
are indigestible fibre substances like inulin and galacto-oligosaccharides that spe-
cifically promote the development of a small number of the gut microbes. Probiotics
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are live bacteria that make up a healthy gut microbiota, such as lactobacilli and
bifidobacteria (Holscher 2017). They also have immune-modulatory effects, cause
the synthesis of anti-inflammatory cytokines (IL-12 and IL-10), improve granulo-
cyte phagocytosis, and stimulate intestinal IgA production. By boosting butyrate
generation and promoting the expansion of SCFA-producing bacteria in the gut,
they have beneficial immunomodulatory effects (Raheem et al. 2021).

Clinical studies have demonstrated that prebiotics with probiotics, often known
as synbiotics, can treat malnutrition in older adults by reducing the release of pro-
inflammatory mediators (TNF-, IL-1, and CRP) to a larger extent than even probiot-
ics alone. Consuming probiotics may cause changes in the distribution of T cell
subsets, including a decrease in the frequency of memory T cells and senescent
CD28 (Markowiak and Slizewska 2017).

16.8 Diet Intervention and Gut Microbiome

Natural foods and healthy eating habits can modify the functioning of the intestinal
barrier and the makeup of the gut microbiota, which has anti-ageing benefits and
plays a significant part in the aetiology of various age-related disorders (Zeppa et al.
2022). Vegetables, fruits, and beverages should make up a large portion of a healthy
diet as these whole foods are highly connected with overall health due to the pres-
ence of phenolic compounds and fibres (Du et al. 2021).

16.9 Calorie Restriction (CR) and Intermittent Fasting (IF)

Calorie restriction is a type of dietary restriction that limits caloric consumption
without causing malnutrition or reducing intake of vital nutrients, which may induce
alterations in intestinal microbiota (Kokten et al. 2021). Intermittent fasting, a type
of periodic CR, has been shown to improve metabolism by increasing insulin sensi-
tivity, lowering the blood glucose levels, and decreasing fat mass and overall weight.
Animals can develop a healthy gut microbiota that provides health improvements,
extends lifespan, and protects against age-related diseases, as shown by the impact
of calorie restriction on the microbiome (Patterson et al. 2015).

By lowering the phyla negatively linked to longevity, CR therapy alters the
microbiota structure (including Lactobacillus and Bifidobacterium), reduces diet-
associated metabolic problems, and extends and promotes a healthy lifespan in nor-
mal animals. Intermittent fasting (IF) is a successful and healthy weight-control
strategy because it results in microbiota reconfiguration. IF, which is viewed as a
sort of periodic CR that can alter and expand the gut microbiota, leads to a higher
abundance of the families Bacteroidaceae, Lactobacillaceae, and Prevotellacea

(Du et al. 2021).
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16.10 Dietary Patterns and the Gut Microbiome, as well
as Healthy Foods

Thanks to developments in nutritional science, we now realize more about how
nourishing food stimulates the balance and activity of the gut microbiota. A healthy
diet with fibre and phenolic substances may be able to influence the microbiome
(Singh et al. 2017). Gut microbiota can be altered by healthy eating patterns like the
Mediterranean diet (MD), which emphasizes whole grains, vegetables, fruits, nuts,
and olive oil. Dietary fibre can affect the gut microbiota (increased number of SCFA
producers) and metabolic control since they create metabolites like SCFAs (Nagpal
et al. 2019).

A number of beneficial intestinal microorganisms, including Bifidobacterium,
Lactobacillus, Verrucomicrobia, Akkermansia, and Christensenellaceae, have been
shown to proliferate when exposed to polyphenols. Lemon polyphenols have shown
to decrease the gut microbiota that may be related to ageing. Black and green tea
polyphenols reduced body mass, which caused Firmicutes to fall and Bacteroidetes
to increase (Kumar Singh et al. 2019). Red wine polyphenols considerably reduced
undesired bacteria such as Enterobacter cloacae and Escherichia coli while signifi-
cantly increasing butyrate-producing bacteria like Faecalibacterium prausnitzii and
Roseburia (Yang et al. 2020).

16.11 Exercise Effect on the Intestinal Microbiota and Ageing

Exercise is a healthy habit that lowers the risk of developing chronic conditions
including diabetes, cancer, and cardiovascular disease. It also increases the number
of bacteria that produce butyric acid, which alters the metabolism of fat storage and
prevents obesity (Zhang et al. 2022). Numerous studies have demonstrated that
exercising raises the number of butyrate-producing taxa in the gastrointestinal tract,
including Bacteroidales S24-7, Faecalibacterium prausnitzii, Clostridiaceae, and
Roseburia hominis. Exercise improves the richness of gut microbiota and beneficial
bacteria, which in turn reduces age-related problems and delays ageing (Cataldi and
Poli 2022).

Improvements in exercise tolerance, insulin sensitivity, adipose tissue inflamma-
tion, and systolic blood pressure have all been linked to exercise-induced changes in
the gut microbiota (Verheggen et al. 2021). The impact of exercise on the gut micro-
biota in elderly adults was revealed using data from the American Gut Project. The
study demonstrated that older adults who were overweight had a higher diversity of
gut microbiota than older adults who were of normal weight (Ramos et al. 2022).
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16.12 Gut Microbiota-Drug Link and Ageing

The gut microbiota can both directly and indirectly affect how well a host can
metabolize drugs, despite the fact that many medications undergo microbial bio-
transformation (Pant et al. 2022). Aspirin, resveratrol, metformin, and rapamycin
are examples of oral medications that must first undergo intestinal metabolization
before being absorbed. Drugs can alter the makeup of the gut microbiota through
primarily two routes of action. The first mode is when medications stimulate micro-
bial translocation from other bodily parts to the intestine, which results in an unbal-
anced microbial ecology. As a result of proton pump inhibitors, which weaken the
stomach’s acid barrier, oral bacteria, for instance, can enter the intestine through the
stomach (Walsh et al. 2018).

Drugs that alter the gut microbes and directly affect bacterial growth are likely to
be the primary component of the second approach. Some anti-ageing drugs as well
as some antibacterial medications have the ability to control the proliferation of gut
microbes. Besides promoting the development of intestinal bacteria that produce
SCFAs, metformin has a therapeutic effect on lowering insulin resistance and glu-
cose homeostasis (Weersma et al. 2020).

Metformin is introduced as an anti-ageing and health-improving drug because it
can change the intestinal microbiota composition of obese mice, rats, and T2D
patients. The natural macrolide molecule rapamycin, which was obtained from bac-
teria, has the ability to slow down the ageing process and successfully treat age-
related disorders. It lowers the concentration of Alphaproteobacteria, a class of
microorganisms that has previously been linked to a drop in senior mortality (Zhang
and Hu 2020).

16.13 The Gut Microbiota and Human Ageing Diseases

An inflammatory response in the gut that has grown with age is brought on by
changes in the gut flora of elderly persons. The intestinal barrier’s integrity has
declined as a result of the age-related imbalance in the gut microbiota (Walrath et al.
2021). Therefore, microbial product leakage may induce a permanent low-grade
inflammatory state that had been linked to cognitive decline and dementia by up-
regulating the amounts of circulating pro-inflammatory substances such as interfer-
ons, interleukin-6, interleukin-1, and TNF-a (Ferrucci and Fabbri 2018).

16.14 Gut Microbiota in Gut-Muscle Axis and the Function
in Ageing

Preclinical and in vitro studies have established a connection between gut bacteria
and muscle mass. The gut microbiota can influence the host’s muscle mass and
function through regulating the systemic inflammatory response and immunology,
mitochondrial biogenesis, endocrine, and insulin sensitivity (Zhao et al. 2021).
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Probiotics or butyrate treatment of muscle-wasting animal models has been associ-
ated with increased muscle mass, as well as better fermentative capacity and distinc-
tive microbiota composition in mice with lower muscle mass. A gut-muscle axis
may be critical for skeletal muscle function and maintenance as well as for prevent-
ing the beginning and progression of sarcopenia and age-related physical weakness
(Chen et al. 2022).

A link between grip strength and the microbiota makeup, which includes signifi-
cant taxa like Faecalibacterium and Bifidobacterium, has been demonstrated in a
few small human investigations. Similar studies on parkinsonism patients have
revealed that those who walk more slowly may have a different microbiome compo-
sition (Ticinesi et al. 2019).

The potential significance of microbiome in the pathogenesis of sarcopenia and
physical frailty is getting lots and lots of research interest. The development of
osteosarcopenic obesity may have a pathophysiological link with ageing microbi-
ota. In particular, changes in the makeup of the gut microbiota may promote ana-
bolic resistance and chronic inflammation, which could lead to weaker muscles,
decreased physical performance, and worse clinical consequences (Daily and
Park 2022).

16.15 Ageing Microbiota-Gut-Liver Axis

Functionally, the liver and gut microbiome are linked; in healthy individuals, the
liver clears the intestines from bacteria, antigens, and inflammatory metabolites
while regulating immune system homeostasis and the activity of inflammatory cells
(Gebrayel et al. 2022). The gut microbiota also influences the production of bile
acids, oxidative stress, pro-inflammatory cytokines, and hepatic lipogenesis, which
further modifies the microbiota in the gut. Because intestinal bacteria and their
metabolites can enter the liver through the portal venous system, the intestinal bar-
rier function is disrupted, which further impairs the liver defence mechanisms.
Then, Kupffer and stellate cells of the liver are activated (Kanmani et al. 2020).
Gut microbial dysregulation may stimulate the production of bacterial DNA,
deoxycholic acids, and lipopolysaccharide (LPS), which can pass through the portal
vein and cause chronic liver inflammation (Wang et al. 2022). Numerous inflamma-
tory factors are generated as a result of their action, and these factors ultimately
promote cirrhosis and liver fibrosis by causing necrotic inflammation and steatosis
in the liver cells as well as aggravating intestinal mucosal damage. Clinical studies
have shown that the gut-liver axis affects alcoholic liver disease (ALD), non-
alcoholic fatty liver disease (NAFLD), and chronic hepatitis B (Roehlen et al. 2020).
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16.16 Ageing Microbiota-Gut-Pancreas Axis

Curiously, both type 1 diabetes (TIDM) and type 2 diabetes mellitus (T2DM) suf-
ferers reported higher C. albicans colonization compared to healthy controls. The
diversity of fungi is considerably larger in TIDM patients. These results suggest
that the pathophysiology of diabetes may include intestinal fungi (Wu et al. 2021a).
Additionally, Nod1 ligands from intestinal commensal bacteria (functioning as sig-
nal molecules) are necessary for insulin transport in pancreatic beta cells. In the
pancreas of patients with pancreatic ductal adenocarcinoma (PDA), bacteria and
fungi are significantly more prevalent. In both humans and mice, Malassezia spp. is
substantially enriched in PDA, and gut fungus move from the stomach to the pan-
creas perhaps via the sphincter of Oddi (Zhang et al. 2019).

In particular, recombinant C3a (rC3a) increases pancreatic tumour volume while
mannose binding lectin (MBL)-deleted animals have minimal tumour pathogenesis,
suggesting that the glycan of fungal cell wall-MBL-complement cascade pathway
plays a significant role in pancreatic disorders (Wu et al. 2021b).

16.17 Ageing Microbiota-Gut-Heart Axis

Studies carried out over the last 10 years indicated that the gut microbiome may be
involved in the aetiology of atherosclerosis, cardiovascular disease, and heart failure
(Rahman et al. 2022). Growing evidence implicates the gut microbiome (GMB) in
the development of immune-mediated subtypes of cardiomyopathy and heart failure
(HF) (myocarditis and anthracycline-induced cardiotoxicity). This is a response to
certain cardiovascular medications, as well as HF-related comorbidities such,
chronic kidney diseases, cardiorenal syndrome, insulin resistance, malnutrition, and
cardiac cachexia (Mamic et al. 2021).

The onset of gut ischemia in HF is a result of both elevated gut venous pressures
and decreased blood flow in the splanchnic arteries. A decrease in the anti-
inflammatory bacteria and an increase in potentially harmful microorganisms are
observed in chronic HF (such as Shigella, Salmonella, Candida, etc.). These micro-
organisms colonize chronic heart failure (HF) patients more frequently and abun-
dantly than healthy people, and the degree of colonization is correlated with the
severity of HF (Gallo et al. 2022). The pathophysiology of HF is mechanistically
linked to the gut microbial metabolites of short-chain fatty acids, trimethylamine
N-oxide (TMAO), amino acid metabolites, and bile acids, according to recent study.
As a result, these metabolites may be useful targets for HF treatment (Kazemian
et al. 2020).



346 H.R. Abbas et al.

16.18 Ageing Microbiota-Gut-Skin Axis

The disruption in cutaneous homeostasis results from an imbalance caused by
abnormally high amounts of commensal bacteria, which can also cause systemic
inflammation (Toor et al. 2019). According to the suggested mechanism, an imbal-
ance in the gut causes T-cell activation while also altering the immunosuppressive
cytokines and Treg cells necessary to maintain microbial tolerance. As a result,
there is a pattern of persistent inflammation in the skin and gut that cannot be self-
regulated by the normal immune response (Rocamora-Reverte et al. 2020).

Atopic dermatitis (AD) is a long-lasting inflammatory skin disorder that is char-
acterized by immune dysregulation, compromised skin barrier function, and skin
and gut microbial dysbiosis. Less Bifidobacterium and more Enterobacteriaceae,
Clostridiums, and Staphylococcus colonization in AD patients compared to healthy
controls result in a reduced variety of the gut microbiota in this disease (Kim and
Kim 2019).

16.19 Ageing Microbiota-Gut-Bone Axis

The gut microbiota maintains skeletal homeostasis by affecting host metabolism,
immunological function, and the hormone release (Behera et al. 2020). It has been
determined that the mechanisms underlying probiotics or prebiotics facilitating
mineral utilization have become the larger absorption surface, greater expression of
calcium-binding proteins, and improved solubility of minerals created by enhanced
short-chain fatty acids (SCFAs) (Whisner and Castillo 2018).

The gut microbiome has a significant impact on how vitamin D, B, and K are
metabolized. In ovariectomized (OVX) Sprague-Dawley (SD) rats, probiotics have
been found to improve the physical and biomechanical properties of the femur,
whereas long-term antibiotic exposure harms the gut microbiomes and impairs bone
material properties in mice, most notably a decrease in whole bone-bending strength
(Tu et al. 2021).

16.20 Gut-Brain Axis with Ageing Microbiota

A network of bidirectional communication between the host and the microbiome is
known as the microbiota-gut-brain axis (MGBA) (Rutsch et al. 2020). Dysbiosis
results in defective MGBA signalling, which controls the growth and operation of
the host’s immunological, metabolic, and neurological systems. Age-related and
stroke-related dysfunction of the MGBA caused by dysbiosis is associated with the
emergence of well-known stroke risk factors such as obesity, diabetes, and athero-
sclerosis (Honarpisheh et al. 2022).

Healthy gut microbiome colonisation is vital in brain development and behav-
iour because it improves the blood-brain barrier (BBB), changes synaptic plasticity,
and results in social interaction deficits when absent (Tang and Zhu 2020). The gut
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microbiome may influence the central nervous system (CNS) via communicating
with the brain and vice versa through the vagus nerve (VN) in both health and dis-
ease. Dysbiotic microbiota has been associated with both IL.-17 expression in the
brain and an increase in CD4+-1L-17 cells in the gut (Ma et al. 2019).

In addition to the central neuroinflammation seen in Alzheimer’s disease (AD)
and Parkinson’s disease (PD), there is compelling evidence linking changes in the
gut microbiota to peripheral immune response (Shandilya et al. 2022). Clinical
investigations on stroke patients showed a rise in biodiversity, a marginal decline in
Bacteroidetes members, and a rise in Lactobacillus ruminis (from the phylum
Firmicutes) (Chidambaram et al. 2022).

Comparatively, studies using faeces from AD patients revealed less diversity
and more Bacteroidetes, which was supported by studies using animal models.
Patients’ PD microbiomes are characterized by dramatically less Prevotellaceae, a
member of the phylum Bacteroidetes, and dramatically more Akkermansia,
Bifidobacteriaceae, Enterobacteriaceae, and Lactobacillaceae (Fang et al. 2020).

16.21 Cellular Senescence Links Biological Ageing
and the Aim of Gut Microbiome
for Anti-senescence Intervention

Cellular senescence, which is assumed to be a pre-encoded cancer suppressor mech-
anism, is characterized by cell cycle arrest, a lack of proliferative potential, global
cell growth, and noticeably distorted nuclei. Additionally, the presence of chromatin
foci that exhibit a prolonged DNA damage response enhanced nuclear factor-B
(NF-B) signalling, and resistance to apoptosis are implicated (Ferrucci and Fabbri
2018). It is conceivable to think of a two-way interaction between the gut microbi-
ome and cellular senescence, in which the secretory metabolites of gut microbiota
undergo biotransformation in one direction (Sharma 2022).

The accumulation of senescent cells (epithelial/fibroblasts) in the intestine and
senescence-associated secretory phenotype (SASP) may have an impact on cellular
processes and cause immune reactions in the gut (Fig. 16.3). Dietary factors can
have a direct impact on the ability of intestinal cells to experience cellular senes-
cence (Naylor et al. 2013). It has been demonstrated that metabolites produced by a
probiotic called Lactobacillus fermentum, which was isolated from human faeces,
can reduce a number of senescence-related characteristics. These involved cellular
hypertrophy, senescence-associated galactosidase (SA-gal) activity, induction of
SASP, DNA damage response, Akt/mTOR pathway, and activation of cell cycle
inhibitor signalling (Di Micco and Krizhanovsky 2021).

Additional study reported that a Sphingomonas hydrophobicum extract could
delay skin senescence by lowering the activation of p21, pl16Ink4a cell cycle inhibi-
tors, and SA-gal activity, which would have skin remodelling and psychobiological
impacts. Persistent SASP produced by senescent enterocytes may induce an inflam-
matory state and/or an oncogenic mutation, which may have a detrimental effect on
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Fig. 16.3 Senescent cells can accumulate and develop more quickly in many organs when
immune system activities are compromised. Persistent senescent cells produce SASP, which influ-
ences neighbouring healthy cells via paracrine processes. This promotes an inflammatory and
tumorigenic setting, which ultimately compromises organ functions and accelerates the age-
ing pattern

gut permeability, immune activation, and the structure of the gut microbiome
(Sharma 2022).

Recent researches at the cellular and molecular levels have shown that
Lactobacillus can improve the ability of cells, tissues, and organs to fend off ageing
and diseases associated with it. Studies showed that the supplementation of
Lactobacillus strains, either alone or in combination, greatly had improved numer-
ous age-related physical and physiological aspects of health in experimental ani-
mals or even people (Samtiya et al. 2022).

16.22 Conclusion and Future Perspectives

It seems acceptable to investigate human biological systems again from the aspect
of gut microbiome and to detect the particular microbial dysbiosis as signs of cel-
lular senescence and ageing. The gut microbiota significantly has effects on many
characteristics of overall health, and also due to the abnormalities in diversity and
functionality of the microbiota which are linked to a variety of inflammatory dis-
eases. With emerging evidence of gut microbiome role in cellular senescence as a
central dogma of ageing and age-related pathologies, the demand for novel anti-
senescence therapies depending on gut microbiome has increased to develop novel
approaches for healthier ageing. Developing personalized interventions based on
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individual gut microbiome profiles holds promise for optimizing anti-senescence
strategies and minimizing side effects. This could involve targeted manipulation of
the gut microbiota using prebiotics, probiotics, or faecal microbiota transplantation
(FMT). Assessing the long-term safety and efficacy of these microbiome-based
interventions for promoting healthy ageing and preventing age-related diseases
remains vital. Conducting well-designed clinical trials with appropriate control
groups is essential to translate promising preclinical findings into effective thera-
peutic strategies for humans. Identifying specific microbial signatures or metabo-
lites associated with cellular senescence could serve as valuable biomarkers for
early detection and monitoring of age-related decline. By continuing to explore the
intricate relationship between the gut microbiome and cellular senescence, research-
ers can potentially unlock novel avenues for promoting healthy aging and delaying
the onset of age-related diseases. This exciting field of research has the potential to
significantly improve lifespan and enhance health throughout life.
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